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8Chapter 1
Introduction
From purity to functionality and sustainability – opportunity for 
dry fractionation
State of the art food manufacturing often uses dry and highly refined ingredients, 
continuously driving ingredient producers to develop processes to increase purity 
of their food ingredients (van der Goot et al., 2016). However, achieving such 
high purities requires processes that consume significant amounts of water and 
solvents, and involve harsh conditions such as high temperature or extreme 
pH. This not only leads to large energy consumption for drying, but also to loss 
of native functionality of the ingredients (Schutyser and van der Goot, 2011). 
Taking pea protein isolation as an example, 50 kg water is needed to produce 1 
kg pea protein by wet fractionation. Subsequent removing of the added water by 
spray drying is the main contribution to the high energy consumption (54 MJ/kg 
recovered protein) of the whole process (Figure 1). 
Nevertheless, almost all foods are prepared from more than one ingredient, 
making it not always necessary to completely fractionate agro-material into its 
pure constituents. Moreover, food products may even benefit from the complex 
composition and native functional properties of raw materials. For example, in the 
extrusion for meat analogue production, soy protein concentrate provides better 
fibrous material than soy protein isolate (Cheftel et al., 1992). Therefore, less 
purified ingredient fractions that retain their native functional properties can be 
very interesting for food production. Thus, there is potential for more sustainable 
and mild fractionation processes that can deliver functional rather than pure 
ingredients. Dry fractionation perfectly matches with such requirements. 
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Dry fractionation combines milling and dry separation techniques, such as air 
classification and sieving, and can fractionate cereal and legumes into protein-
enriched and protein-depleted fractions (Pelgrom et al., 2014; Pelgrom et al., 
2013a; Stevens et al., 1963; Wu and Stringfellow, 1995). As indicated in Figure 
1, it uses hardly any water, consumes very little energy, and retains the native 
structure and functionality by avoiding harsh conditions (high temperatures, 
or extreme pH). For example the dry fractionation for pea protein production 
consumes no water and the energy consumption is 3.6 MJ/ kg recovered protein, 
which is a factor 15 lower than the energy consumption of wet fractionation 
(Schutyser et al., 2015). The fractions produced by dry fractionation have lower 
purity, but may retain different functional properties. For example, lupine protein 
concentrate produced by milling and air classification could provide more stable 
foam compared to wet isolated protein (Pelgrom et al., 2014). Moreover, a lower 
viscosity of suspensions with dry enriched lupine protein was attributed to its 
higher solubility, suggesting future application of such fractions in high protein 
beverages (Pelgrom et al., 2014). 
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Figure 1. Sankey diagrams of wet fractionation of peas into pea protein isolate (upper) 
and dry fractionation of peas using air classification into a pea protein fraction (lower) 
(Adapted from Schutyser et al. (2015)).
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Electrostatic separation – a novel dry separation process for food 
ingredients
Conventional dry separation processes, such as air classification and sieving, use 
differences in particle size and/or density as driving force. However, particles 
with different compositions may be milled to similar sizes, which limits the 
maximum purity that can be reached. Considering lupine as an example, we 
can obtain a fine fraction rich in protein after fine milling and air classification. 
This fine fraction consists mainly of individual protein bodies, but also of milled 
hull fragments of similar size. If we could separate these fibre fragments from 
the protein bodies this could further increase the protein content of the fine 
fraction (Pelgrom et al., 2014). However, because of the similar particle size, a 
separation relying on a different driving force is needed. An interesting option 
here is electrostatic separation, which separates particles based on their different 
triboelectric charging behaviour.
Electrostatic separation of particles is achieved by first charging the particles and 
then separating them in an external electric field (Haga, 1995). The electrostatic 
force ( Fe ) is the driving force for separation and is equal to the product of the 
charge on the particle ( qp ) and the electric field strength ( E ) (Eq. 1) (Kelly and 
Spottiswood, 1989a). 
  Fe = qpE         (Eq. 1)
Three different methods exist for electrostatic charging: corona charging, 
induction charging, and triboelectric charging (Mazumder et al., 2006). While both 
corona charging and induction charging require large differences in conductivity 
between the materials to be separated, triboelectric charging is found effective to 
differentially charge particles with small differences in conductivity (Higashiyama 
and Asano, 1998; Kelly and Spottiswood, 1989b). 
Triboelectric charging occurs when different materials are brought into close 
frictional contact. During contact between the two surfaces, e.g. surfaces of a 
particle and a plate, depending on the surface states, electrons are transferred 
from one surface to the other. Upon separation, at least part of the transferred 
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charge will remain on each surface, with the same amount but with opposite 
polarities (Figure 2) (Bailey, 1984; Kelly and Spottiswood, 1989b; Matsusaka et 
al., 2010).
Figure 2. Schematic drawing of triboelectric charging of a particle after collision with a 
plate
While the fundamental mechanism of triboelectric charging is still subject of 
speculation, an empirical ranking of materials has been established, the so-
called triboelectric series, that shows the tendency of materials to gain charge 
polarity when brought into contact with another material (Kwetkus, 1998). The 
reported triboelectric series are not very consistent amongst different studies 
(Table 1). This can be attributed to different factors that influence the triboelectric 
charging, such as the chemical, physical and electrical properties of the materials 
and their surfaces, number of impacts, and the velocity and angle of the impact 
(Bailey and Smedley, 1991; Carter et al., 1998; Eilbeck et al., 1999; Gajewski, 
1989; Matsusaka et al., 2000; Matsuyama and Yamamoto, 1994, 1995; Rowley, 
2001; Yamamoto and Scarlett, 1986). Moreover, environmental conditions such 
as temperature and relative humidity affect the charging as well (Nguyen and 
Nieh, 1989; Nomura et al., 2003; Rowley and Mackin, 2003).
A schematic drawing of a simple electrostatic separation process that employs 
triboelectric charging is shown in Figure 3. Particles are entrained by a carrier gas, 
e.g. nitrogen gas, through a charging tube, in which particles become charged 
during collisions with walls and other particles. Subsequently, the particles are 
separated in an electric field created by two parallel metal plate-electrodes 
supplied with high voltage (HV). Particles with opposite polarities move towards 
the different electrodes and are thus separated.
Triboelectric charging based electrostatic separation has been applied for many 
years in mining industries for the beneficiation of minerals and coal (Bada et 
12
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Figure 3. Schematic drawing of the electrostatic separation based on triboelectric charging
Tabel 1 Comparison of triboelectric series from four studies
*Adapted from Shaw (1917) and Vieweg (1925)
HV electrode
Charging tube
N2
Positive
Wilcke (1759)* Faraday (1840)* Shaw (1917) Adams (1987)
Glass
Wool
Quills
Wood
Paper
Ground glass
Pb
Sulphur
Metals
Cat’s fur
Wool
Quills
Flint glass
Cotton
Linen
Silk
Hand
Wood
Fe, Cu, Ag, Pb
Sulphur
Asbestos
Hair
Glass
Mica
Wool
Cat’s fur
Ca, Mg, Pb
Silk
Paper
Cotton
Wood, Fe
Ground glass
Resin
Cu, Ag
Sulphur
Hand
Asbestos
Rabbit fur
Glass
Mica
Hair
Nylon
Wool
Pb
Silk
Aluminium
Paper
Cotton
Steel
Wood
Hard rubber
Cu
Ag
Sulphur
Polyester
Styrene
Polyethylene
Polypropylene
PVC
SiliconNegative
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al., 2010; Ban et al., 1997; Cangialosi et al., 2008; Dwari et al., 2015; Trigwell 
et al., 2003), and for fractionation of plastic waste materials (Bendimerad et 
al., 2009; Wu et al., 2013; Younes et al., 2015), but only recently has it been 
proposed for dry separation of food materials. Several studies demonstrated the 
potential of using electrostatic separation to fractionate agro-materials, e.g. for 
the production of aleurone-rich fractions and fibre-rich fractions, respectively, 
from wheat bran and oat bran (Chen et al., 2014b; Hemery et al., 2011; Sibakov 
et al., 2014; Wang et al., 2015b), and for the enrichment of proteins from 
legumes (Pelgrom et al., 2015a). However the effectiveness in terms of purity 
and yield and the influence of process parameters such as particle concentration, 
gas flow and electric field on charging and separation of food ingredients has not 
been systematically studied.
14
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Objective and outline of the thesis
The objective of the study reported in this thesis was to gain better understanding 
of the charging behaviour of model and agro-materials, and to evaluate how 
these components can be separated using an electrostatic driving force. This 
should give insight in the critical factors for successful electrostatic separation 
and facilitate exploration of the potential of this separation method for different 
agro-materials. The study focused on obtaining experimental understanding, 
rather than mechanistic insight into the specific phenomenon of triboelectric 
charging, as this was part of a parallel study (Korevaar et al., 2015; Korevaar et 
al., 2014). 
Chapter 2 presents characterization of the charging behaviour of single-
component model particles in nitrogen gas flowing through aluminium tubes, 
using a lab-scale electrostatic separator. Polystyrene particles and wheat gluten 
were used as model particles. The influences of particle size, charging tube 
length, gas velocity and relative humidity were studied. 
Chapter 3 demonstrates the potential of using electrostatic separation to enrich 
arabinoxylans from wheat bran with the same lab-scale electrostatic separator. 
Different parameters such as particle size, gas velocity and charging tube 
length were investigated for their influence on electrostatic separation. Finally, 
electrostatic separation is compared to conventional sieving and the combination 
of electrostatic separation and sieving is explored to obtain further improved 
enrichment.
Chapter 4 presents a custom-built bench-scale electrostatic separator, with 
which well-defined charging and separation experiments of model mixtures 
prepared from wheat gluten and starch were carried out. The influences of 
particle concentration, gas flow rate, electric field strength on the charging and 
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separation were systematically investigated. The agglomeration of particles is 
hypothesized to have an important influence on separation efficiency.
Chapter 5 reports on dry fractionation by combining milling and electrostatic 
separation, providing an alternative to wet extraction of protein from lupine 
seeds. Different degrees of milling were analysed in combination with electrostatic 
separation. Successive electrostatic separation steps were explored to increase 
the purity of the obtained protein concentrate. Finally, a method was presented 
and investigated to improve the yield without compromising the purity.
Chapter 6 explores the possibility of enriching dietary fibre from defatted 
rice bran by dry fractionation. Three separation routes were studied: two-step 
electrostatic separation, sieving and a combination of electrostatic separation, 
and sieving. Fibre-enriched fractions obtained were analysed for their hydration 
properties and oil binding capacity and compared to wet-extracted total dietary 
fibre. The latter assisted in evaluating dry fractionation as a process to obtain 
dietary fibre fractions with similar technological properties and physiological 
effects compared to the wet extraction process.
Chapter 7 concludes the thesis with a general discussion on the main findings, 
based on which two schemes for protein enrichment and fibre enrichment were 
proposed. Subsequently the challenges to achieve a successful electrostatic 
separation for agro-material and up-scaling are discussed. Finally the chapter 
ends with an outlook for future research.
2
Analysis of electrostatic powder 
charging for fractionation of 
foods
This chapter has been published as:
Wang, J., de Wit, M., Schutyser, M.A.I., Boom, R.M., (2014). Analysis of 
electrostatic powder charging for fractionation of foods. Innovative Food Science 
& Emerging Technologies 26(0), 360-365.
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Electrostatic separation based on different triboelectric charging behaviours of 
components has emerged as a novel, sustainable dry fractionation process. This 
study aims to characterize charging behaviour of single-component particles in 
nitrogen gas flowing through aluminium tubes. Polystyrene (PS) particles and 
wheat gluten were used as model particles. Specific charge increased linearly 
with gas velocity up to 28 m/s for both materials. Surface charge densities of 
different-sized PS particles overlapped for laminar gas flow. For stronger gas 
flow, surface charge density of the smallest particles deviated from that of larger 
particles. Specific charge of PS particles increased linearly with increasing tube 
length from 125 to 225 mm. Charging of PS particles was unaffected by relative 
humidity (RH) of gas. Specific charge of wheat gluten decreased for RH > 80%. 
The results provide insight in critical parameters affecting charging behaviour, 
which provides input for developing electrostatic separation processes to 
fractionate food ingredients.
20
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Introduction
Conventional wet fractionation of agro-materials into food ingredients uses 
copious amounts of water and energy. Moreover, the harsh conditions during wet 
fractionation, such as high temperature and pH, are detrimental to the native 
functionality of individual components. In contrast, dry fractionation is a more 
sustainable alternative and retains the functionality of the produced fractions 
significantly better (Schutyser and van der Goot, 2011). Dry fractionation 
conventionally, e.g. for pea fractionation, combines milling and air classification 
or sieving to obtain protein and starch enriched fractions (Pelgrom et al., 2013a; 
Pelgrom et al., 2013b). Milling is applied to achieve the physical disentanglement 
of individual components while air classification or sieving fractionates the 
millings on the basis of particle density and/or particle size into enriched fractions. 
However, especially when particles differ little in density and/or particle size, the 
final purity that can be achieved towards a specific component is limited. 
More recently, electrostatic separation has emerged as a novel process for dry 
food ingredient fractionation, although the principle has been applied for decades 
for mineral enrichment (Fraas and Balston, 1940; Gaudin and Mora, 1958; 
Kwetkus, 1998; Trigwell et al., 2003). The separation is based on differences 
in triboelectric charging behaviour of materials (Higashiyama and Asano, 1998; 
Kelly and Spottiswood, 1989b). It is achieved by charging particles with a gas-
assisted flow in a charging device. The subsequent particle separation takes 
place under the influence of an external electrostatic field (Fraas and Balston, 
1940; Kelly and Spottiswood, 1989c). 
The charging step is critical to the effectiveness of the separation and is based 
on the phenomenon that two different materials become charged when they 
rub against each other. When two surfaces contact with each other, depending 
on the surface states, electrons will transfer from one surface to the other. 
Upon separation, the two surfaces become charged in the same amount but 
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with opposite polarities (Bailey, 1984, 1993; Kelly and Spottiswood, 1989a; 
Matsusaka et al., 2010). Triboelectric charging is influenced by many factors, such 
as the chemical, physical and electrical properties of particle and contact surface 
(Bailey and Smedley, 1991; Carter et al., 1998; Eilbeck et al., 1999; Gajewski, 
1989; Rowley, 2001), number of impacts (Matsusaka et al., 2000; Matsuyama 
and Yamamoto, 1995), and velocity and angle of the impact (Matsuyama and 
Yamamoto, 1994; Yamamoto and Scarlett, 1986). Moreover, environmental 
conditions such as temperature and relative humidity also affect the charging 
(Bailey and Smedley, 1991; Gajewski, 1989; Nguyen and Nieh, 1989; Nomura et 
al., 2003; Rowley and Mackin, 2003). While several studies have demonstrated 
the possibility of using electrostatic separation to fractionate agro-materials, 
e.g. for the production of aleurone-rich fractions from (fine) milled wheat bran 
(Bohm et al., 2003; Hemery et al., 2011; Hemery et al., 2009b), the triboelectric 
charging behaviour of agro-materials has not yet been systematically studied.
The aim of the study reported here is to characterize triboelectric charging 
behaviour of single-component particles under different conditions. Purified 
wheat gluten was used as an agro-material. Moreover, well-defined spherical 
particles made from polystyrene were used as a model system to avoid the 
complexity caused by the natural composition and irregular shape of agro-
materials. Three aluminium tubes with different lengths were used to charge 
particles. The experiments were designed to evaluate the influence of several 
factors: the carrier gas velocity, the particle size, the charging tube length, the 
carrier gas relative humidity and the material water activity. 
22
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Materials and methods
Materials
Three differently sized Spherical Polystyrene® (PS) particles were purchased 
from Maxi-Blast, Inc. (US). The particle size distributions were measured by 
Mastersizer 2000 with the Scirocco 2000 dry dispersion unit (Malvern Instruments, 
Worcestershire, UK). The volumetric mean diameters, D[4,3], were 218 μm, 
304 μm and 450 μm, respectively. A scanning electron microscope (SEM) image 
of PS particles was made by Phenom G2 pure Scanning Electron Microscope 
(Phenom-World BV, The Netherlands). Figure 4-A shows that the PS particles 
were perfectly spherical and had a smooth surface.
Vital wheat gluten was obtained from Roquette (France) with the following 
specifications: moisture 6% (w/w), protein 75~80% (w/w), starch 9% (w/w), 
cellulose <1% (w/w), fat 7% (w/w) and ash 1% (w/w). A SEM image is shown in 
Figure 4-B and it can be observed that the particles have an irregular shape and 
a rough surface with pores smaller than several microns.
A B
Figure 4. Scanning electron microscope (SEM) images of A) PS particles (D[4,3] = 218 
μm) and B) wheat gluten (D[4,3] = 68.6 μm), arrows indicate the pores on the surface of 
wheat gluten
Analysis of electrostatic powder charging for fractionation of foods
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Charging experiments
A lab-scale electrostatic charging device consisting of a funnel and a squared 
charging tube, both made from aluminium, was used for charging experiments 
(Figure 5). The inner dimension of the tube was 1.8 mm × 1.8 mm. To avoid any 
external electrical interference, the charging tube was shielded by wrapping the 
tube with an insulating plastic foil and then an aluminium foil layer which was 
grounded. The funnel was also grounded via direct contact with the aluminium 
foil layer. An electrometer (Keithley Model 6215) was connected to the charging 
tube to measure the impact charge obtained by the tube. Since the particles 
and the tube are charged in the same amount but opposite polarities, the read 
charge Qread needs to be converted into the charge of particles Qp by Eq. 2. 
Qp = - Qread         (Eq. 2)
Two terms were used to express the charge obtained by the particles: the specific 
charge which is defined as the charge-to-mass ratio (in μC/g) and the surface 
charge density, which is defined as the charge-to-surface ratio (in μC/m2). 
Funnel
Aluminium Shield
Insulator
Charging tubeN2
Ground
C
Particles
Figure 5. Schematic drawing of the charging device
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Before each charging experiment, the entire system was flushed with nitrogen. 
Then the electrometer was corrected for zero reading and 3 grams of sample 
were poured into the funnel. According to Bernoulli’s law, a pressure drop exists 
between the funnel and the nitrogen gas flowing through the tube at the outlet 
of the funnel. This phenomenon is also known as the Venturi effect. The pressure 
difference (∆p) is proportional to the kinetic energy of the flowing gas in the tube 
as expressed with Eq. 3.
∆p =   ρgvg
2            (Eq. 3)
where ρg is the density of the nitrogen, and vg is the velocity of the nitrogen 
gas. Due to this pressure difference, particles are drawn into the charging tube. 
Subsequently, particles are accelerated by the nitrogen flow in the tube, and 
impact and exchange charge with the tube wall. The cumulative charge on the 
tube was measured by the electrometer. After the complete sample was dispersed 
in the tube, the final reading of the electrometer was recorded. Thereafter, the 
funnel and charging tube were cleaned with a vacuum cleaner and compressed 
air for the next measurement. All measurements were carried out in duplicate.
Three process parameters were varied: Gas velocity (13 ~ 36 m/s); Charging 
tube length (125 mm ~ 425 mm) and RH of nitrogen (0 ~ 100%). To investigate 
the influence of the individual parameters, only one parameter was varied at a 
time while the others were kept constant. 
Conditioning of wheat gluten
To investigate the influence of water activity (aw) of wheat gluten on the charging 
behaviour, conditioned wheat gluten with varying aw between 0 and 0.85 was 
used. The conditioned sample was obtained by equilibrating 3 grams of wheat 
gluten in a climate chamber (Memmert Model CTC256, Germany) at 25 °C flushing 
with humidified air at certain RH. After 24 hours, the sample was taken out from 
the climate chamber, weighed and directly used for charging experiment.
2
1
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Particle charging as a function of gas velocity
The experiments to investigate the influence of gas velocity on charging 
behaviour of all three PS particles were carried out with the 225 mm charging 
tube (Figure 6-A). The specific charge increased linearly with the gas velocity 
up to 28 m/s. After 28 m/s, the increase in the specific charge became less than 
proportional. A similar behaviour was observed with wheat gluten. Yamamoto 
and Scarlett (1986) observed that charging of particles is primarily dependent 
on the normal component of the impact velocity, which determines the contact 
area during the collision. In our case, according to Eq. 3, when the gas velocity 
is increased, a larger pressure difference is created between the position in the 
funnel and the outlet of the funnel. As a consequence, particles are subjected to 
a larger force in the vertical direction which leads to a higher normal component 
of impact velocity. In addition, a higher tangential component of the impact 
velocity may lead to more sliding during contact which also contributes to the 
charging (Tatsushi and Hideo, 1997).
Particle charging as a function of particle size
Figure 6-A also shows the effect of the particle size on the charging of the PS 
particles with a 225 mm charging tube. The specific charge is inversely related 
to particle size within the whole range of the tested gas velocities. This can be 
explained by the larger surface to volume ratio of smaller particles (Gajewski, 
1989). Because triboelectric charging is a surface phenomenon, smaller particles 
will have more particle-wall contacts and consequently take more charge. To 
further confirm this explanation, the specific charge was recalculated into surface 
charge density to eliminate the influence of the surface area. Instead of the 
gas velocity, the surface charge density is plotted against the Reynolds number 
(Figure 6-B).
26
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The three curves in Figure 6-B overlap only partially, which indicates that the 
difference in the surface to volume ratio is not the only reason for the different 
charging behaviour of particle with different sizes. When Re increases above 
2250, the curve of the smallest particle starts to deviate from the other two. 
With further increasing Re (Re > 3215), the curve of the middle-sized particles 
also started to deviate from the largest one. This may be explained by the 
characteristics of the gas flow pattern in the tube, since the gas flow in the tube 
changes from laminar to turbulent when Re > 2300. Furthermore, it is likely that 
smaller particles are more affected by the gas flow pattern, resulting in more 
collisions between the tube wall and smaller particles. 
Figure 6. A) Specific charge of PS particles as a function of gas velocity and B) Surface 
charge density of PS particles as a function of Reynolds number. The error bars indicate 
the absolute deviation.
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Figure 7. Specific charge of PS particles shown as a function of the charging tube length. 
The error bars indicate the absolute deviation.
Particle charging as a function of charging tube length
Five tube lengths were evaluated for all three PS particles at a gas velocity 
of 21 m/s. Figure 7 shows that the specific charge of particles increased with 
increasing tube length from 125 mm to 225 mm. This can be explained by the 
increase in number of particle-wall contacts along the tube length. Beyond a 
tube length of 225 mm the charge of the particles did not increase further. 
Careful analysis showed that the dispersion of particles in the 325 mm and 425 
mm tubes was affected by the high gas flow resistance in the tube. As a result 
the pressure below the funnel outlet became too high, which caused a back flow 
of nitrogen into the funnel. This will have affected the charging behaviour of the 
particles along the length of the 325 mm and 425 mm tubes.
Because no back flow was observed for the 125 mm, 175 mm and 225 mm 
charging tubes, they were evaluated using gas velocities between 13 and 36 
m/s for the 218 μm PS particles (Figure 8-A) and for the wheat gluten powder 
(Figure 8-B).  
In Figure 8-A, two predicted lines were plotted based on the assumption that 
the charging is linearly related to the length of the tube ( Qp /L=”constant” ). 
The graph shows that while this is valid at lower gas flow rates, the increase 
of specific charge was no longer linear with the tube length above 28 m/s. We 
hypothesize that after successive particle-wall impacts, the particles tend to pick 
a reduced extra charge (Matsusaka et al., 2000). 
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Figure 8. A) Specific charge of PS particles (D[4,3] = 218 μm) as a function of gas velocity 
and B) Specific charge of wheat gluten as a function of gas velocity. The error bars indicate 
the absolute deviation.
The dependence of the charging behaviour of the wheat gluten on the length 
of the charging tube is different from that of the PS particles. Figure 8-B shows 
that wheat gluten was charged by the 175 mm tube in the same way as by 125 
mm tube, whereas the 225 mm tube resulted in a higher charge. This effect was 
reproducible. It might be that for wheat gluten, the 175 mm tube was not long 
enough to allow more discrete particle-wall contacts than the 125 mm tube. 
To check this hypothesis, numerical modelling of the trajectories and charging 
of the particles in the tube, e.g. using a discrete particle modelling approach 
is proposed. However, it is beyond the scope of the current paper and thus 
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suggested for further research. Realistic prediction of the particle dynamics and 
corresponding charging behaviour in the tube requires modelling of the charging 
process and multiple force interactions, e.g. the force imposed by the Venturi 
effect, the gravitational force, the drag force, the inertial lift force and the 
electrostatic forces. The electrostatic forces should include charge interactions 
with neighbouring particles and the image charge effect caused by the induced 
charge on the conductive tube wall (Korevaar et al., 2014; Matsuyama et al., 
2009; Tanoue et al., 2001). 
Particle charging as a function of relative humidity of nitrogen 
and material water activity
Polystyrene has extremely low affinity with water (Greenley et al., 1989), which 
results in a very small equilibrium moisture content of the particles (EMC), 
from 0 to 0.01% w/dw (measured with Dynamic Vapour Sorption), within the 
relative humidity (RH) range of 0 – 60%. In contrast, wheat gluten is much more 
hygroscopic with an EMC increasing from 3% to 15% w/dw in the water activity 
(aw) range of 0.1 – 0.7 (Viollaz and Rovedo, 1999). Because of the difference in 
moisture sorption behaviour, the charging behaviour of the two materials with 
varying RH of nitrogen were expected to be different (Rowley and Mackin, 2003).
We tested the influence of the RH on the PS particles (D[4,3] = 450 μm) and 
wheat gluten with an aw of 0.45, with the 225 mm tube at a gas velocity of 36 
m/s. The results are shown in Figure 9. Contrary to our expectations, we found 
similar behaviour for both materials: within the RH range 0 – 60%, the change 
in the specific charge was negligible. When the RH was higher than 60% the 
specific charge started to decrease. At an RH of 100%, a charge reduction of 
approximately 0.2 μC/g was observed for both materials. The small influence of 
the gas RH on PS particles was expected because the particle absorbed no water 
onto its surface and no change of electrical or mechanical property of the surface 
occurred. The unexpected similar behaviour of wheat gluten might be due to the 
very small residence time (10 – 20 ms) of particles in the tube, which is too short 
for absorbing a significant amount of moisture.
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The moisture content, and in particular the surface moisture content, may well 
influence the electrostatic charging of a particle by either changing the mechanical 
properties of the surface or affecting the charge dissipation (Dascalescu et al., 
2005). Therefore we used conditioned wheat gluten to test the influence of aw 
on charging behaviour. Additionally, during the charging experiments nitrogen 
gas was applied with RH = 0% or RH corresponding to the set aw of the wheat 
gluten.
When the wheat gluten aw is increased beyond 0.75, a sharp decrease in the 
specific charge is observed, which may be explained by a transition of the 
material from glassy to rubbery state, and subsequent bridge formation between 
particles. At 25 °C, wheat gluten with aw = 0.75 and aw = 0.85 has a water 
content of 16% w/dw and 20% w/dw, respectively (Viollaz and Rovedo, 1999). 
The corresponding glass transition temperatures ( Tg ) are 30 °C and 10 °C, 
respectively (Kalichevsky et al., 1992), which implies that the wheat gluten 
becomes rubbery when the aw increases from 0.75 to 0.85.  Besides the glass 
transition, also condensation of liquid water at the surface of the particles might 
occur resulting in liquid bridge formation (Aguilera et al., 1993). Both phenomena 
also influence the dispersibility of the wheat gluten in the nitrogen gas: it was 
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visually observed that the wheat gluten particles aggregate at RH 85% into larger 
particles. This was confirmed by measuring the mean particle size, which had 
increased from 68.6 μm to 90 μm (a factor 2.3 increase in volume). This increase 
also implies a smaller surface to volume ratio, and therefore could additionally 
explain the lower specific charge.
Figure 10. Specific charge of wheat gluten as a function of aw of the material. The error 
bars indicate the absolute deviation.
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Conclusions
The triboelectric charging behaviour of single-component particles under different 
conditions was analysed by using purified wheat gluten and spherical polystyrene 
model particles combined with aluminium charging tubes. 
Higher gas velocities lead to a higher specific charge for both tested materials by 
increasing the normal component of impact velocity. Smaller particles gain more 
specific charge than larger ones because of their higher surface to volume ratio 
and their sensitivity towards gas flow pattern changes. Smaller particles possibly 
experience more frequent particle-wall contacts when flow transits from laminar 
to turbulent. 
Provided that the powder is well dispersed in the tube, the specific charge of 
PS particles increases linearly with increasing tube length. Different results 
were obtained for wheat gluten: tubes of 125 and 175 mm length gave the 
same charging, while a tube of 225 mm gave stronger charging. To check the 
hypothesis of discrete effects influencing the charging of particles, e.g. for wheat 
gluten, it is proposed to develop a more detailed discrete particle modelling 
approach.  
The charging of wheat gluten and PS particles is unaffected by the water activity 
and relative humidity of the nitrogen gas flow. Only for water activities above 
0.75 a sudden decline of specific charge was observed for wheat gluten. This was 
explained by glass transition of the material, which again affected dispersibility 
behaviour of the individual wheat gluten particles in the gas flow. 
The results presented in this paper provide insight in several critical parameters 
that affect charging behaviour, which provides amongst others input for 
development of electrostatic separation processes, e.g. for fractionation of food 
ingredients.
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Abstract
Electrostatic separation has been recently proposed as a novel method to 
fractionate wheat bran into valuable ingredient fractions. However, systematic 
study into the influence of parameters on electrostatic separation was lacking. 
Therefore, we here evaluate electrostatic separation for enriching arabinoxylans 
(AX) from wheat bran in more details. The influence of wheat bran particle size, 
carrier gas velocity and charging tube length were investigated with a lab-scale 
electrostatic separator. A combination of larger particle size (D[4,3] of 210 μm 
compared to 110 μm), higher gas velocity (> 28 m/s) and shorter charging tube 
(125 mm compared to 225 mm) can sufficiently charge the particles, and at the 
mean time avoid agglomeration by oppositely charged particles. With the optimal 
settings, single step electrostatic separation of wheat bran could increase the AX 
content from 23% to 30% dry matter basis, which is similar as can be obtained 
by sieving. However, in comparison to sieving, the yield of the enriched fraction 
from electrostatic separation is lower due to the horizontal design of the setup. 
Improvement of the yield is expected when adjusting the system design from 
horizontal to vertical. A sieving step added after the electrostatic separation 
could effectively remove starch and protein and resulted in a fraction with an AX 
content of 43% dry matter basis, which is around the theoretical maximum value 
that can be reached by dry fractionation. 
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Introduction
Wheat bran, as a by-product of wheat flour production, is an undervalued 
constituent that could act as a food ingredient rather than being discarded or 
used as animal feed (Hemery et al., 2007). It is a rich source of dietary fibre 
(36.5–52.4 w/w %) (Bilgiçli et al., 2007; Esposito et al., 2005; Kahlon and Chow, 
2000; Nandini and Salimath, 2001; Vitaglione et al., 2008), amongst which 
arabinoxylans (AX) have been drawing attention due to their proved healthy 
benefits, e.g. lowering cholesterol uptake, attenuating type II diabetes, reducing 
the risk for cardiovascular diseases and cancers, enhancing the absorption of 
certain minerals and increasing faecal bulk (Cao et al., 2011; Garcia et al., 2006; 
Mendis and Simsek, 2014). Therefore, more value would be added to wheat bran 
by extracting an AX-enriched fraction from it.
The carbohydrates AX consist of a backbone of (1-->4)-β-linked D-xylopyranosyl 
units (Xylp). Some Xylp units are mono-substituted by α-L-arabinofuranosyl 
(Araf) at the C-(O)-2 or C-(O)-3 positions or di-substituted at both. Some 
arabinofuranosyl residues can carry phenolic acids, such as ferulic and p-coumaric 
acids (Schooneveld-Bergmans et al., 1999; Shiiba et al., 1993; Stone and Morell, 
2009). More than 60% dry weight of cell walls from wheat bran is composed of AX 
(Stone and Morell, 2009) and these are present in all layers: 35~47% dry matter 
basis in the outer pericarp, 36~40% dry matter basis in the intermediate layer 
(inner pericarp, seed coat and nucellar epidermis), and 18~28% dry matter basis 
in the aleurone layer (Barron et al., 2007; Benamrouche et al., 2002; Brillouet 
and Joseleau, 1987; Swennen et al., 2006). In general, the AX in the pericarp 
(including outer and inner pericarp) are highly substituted with arabinose (Ara/
Xyl > 1), whereas those in the aleurone layer are sparsely substituted (Ara/Xyl 
< 0.5) (Barron et al., 2007; Parker et al., 2005; Stone and Morell, 2009). The 
majority of wheat bran AX are water-unextractable (Maes and Delcour, 2002). 
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Currently, wet alkaline extraction is mostly used to extract AX from wheat bran 
because of the physical and chemical association between AX and other cell 
wall components, such as lignin and cellulose (Maes and Delcour, 2002). This 
process generally consists of two steps. The first step involves destarching and 
deproteinization by using α-amylase and protease, for which large amounts 
of water are needed. The second step involves the extraction of the AX using 
aqueous alkaline media or other combinations such as alkali and hydrogen 
peroxide, alkali and chlorite solutions or dimethyl sulfoxide (Benamrouche et 
al., 2002; Bergmans et al., 1996; Maes and Delcour, 2001). The removal of all 
added water by evaporation afterwards consumes copious amounts of energy. 
Furthermore, the alkaline conditions may cause loss of functional properties of 
AX by breaking down some of the functional groups of AX, such as ferulic acid 
(Zhou et al., 2010). 
Alternatively, a dry fractionation process by combining dry milling and subsequent 
electrostatic separation can be used to obtain a fraction that is enriched in AX 
(Hemery et al., 2011), which consumes much less energy and retains the native 
functional properties of the original raw material compared to wet extraction 
(Schutyser and van der Goot, 2011). Electrostatic separation is a process relying 
on electrostatic forces as a driving force for separating particulate materials 
(Haga, 1995). To achieve the separation, the materials are first charged and then 
separated in an electric field. The method used to charge the materials is usually 
one of the three following: corona charging, induction charging, and triboelectric 
charging (Mazumder et al., 2006). Because of the distinct properties and 
compositions of the different bran layers, which results in different triboelectric 
charging behaviours, triboelectric charging is used in the electrostatic separation 
of wheat bran (Dascalescu et al., 2010; Hemery et al., 2009b). Triboelectric 
charging occurs when different materials are charged oppositely upon frictional 
contact (Higashiyama and Asano, 1998; Kelly and Spottiswood, 1989b). This 
is achieved by passing the milled material through a tube by entrainment in 
a gas, during which the particles are charged by collisions with the wall of the 
tube and/or interparticle contact. Subsequent particle separation takes place 
under the influence of an external electrostatic field. Several studies showed 
that it is possible to obtain fractions with different structure and compositions 
using electrostatic separation on finely milled wheat bran (Brouns et al., 2012; 
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Chen et al., 2014b; Hemery et al., 2011; Stone and Minifie, 1988). Hemery 
et al. (2011) obtained a fraction with an AX content of 49% dry matter basis 
with three successive electrostatic separation steps. However, in all existing 
studies, the process parameters such as the particle size, carrier gas velocity 
and the dimension of charging device were not varied and the influence of these 
parameters on the separation were not investigated. Since these parameters 
were found to influence the triboelectric charging process (Wang et al., 2014), 
they will probably also influence the effectiveness of the separation. Besides, 
no study was reported on combining electrostatic separation with other dry 
separation processes to enhance the enrichment of certain components from 
wheat bran.
The aim of this study is therefore to analyse and optimize a single-step electrostatic 
separation for enriching AX from wheat bran and to demonstrate the possibility of 
enhancing the separation by combining different dry separation techniques. We 
first developed a dry fractionation route relying on the electrostatic separation 
of wheat bran by applying knowledge from our previous study on triboelectric 
charging behaviour of agro-material (Wang et al., 2014). Then instead of applying 
a multi-step electrostatic separation, we combined a first step of electrostatic 
separation with an additional sieving to enrich AX further.
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Materials and methods
Materials
Wheat bran was obtained from Koopmans Meel BV (the Netherlands), with the 
following specifications: moisture 15% (w/w), protein 15% (w/w), starch 13% 
(w/w), dietary fibre 44% (w/w), fat 6% (w/w) and ash 7% (w/w). All chemicals 
and reagents were of analytical grade and supplied by Sigma-Aldrich (Germany) 
unless specified otherwise.
Preparation of whole bran flour
The wheat bran was milled using a pin mill (Hosokawa Alpine, type 100 UPZ, 
Augsburg, Germany) at ambient temperature at a speed of 22000 rpm, air 
flow of 75 m3/h. Four consecutive milling steps were carried out to obtain the 
whole bran flour (AmbientWBF), which was the starting material for all further 
experiments.
Cryogenic milling
Cryogenic milling was carried out to further break whole bran flour down to 
smaller size. A rotor mill (Pulverisette 14, Fritsch, Germany) was used with an 
80 µm mesh. Whole bran flour was immersed in liquid nitrogen, after which the 
frozen flour was put in the centre of the milling chamber. After closing the mill, 
liquid nitrogen was poured in from the top before and during milling, to ensure 
that the flour was properly cooled and kept in a glassy state. The flour obtained 
by Cryogenic milling is here labelled as CryoWBF.
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Electrostatic separation
A horizontal lab-scale electrostatic separator consisting of a funnel (aluminium), 
a squared charging tube (aluminium, side length of 0.18 cm), and a separation 
chamber with one grounded electrode and one positive-high-voltage electrode, 
was used for separation experiments (Figure 11). The distance between the 
electrodes was 10 cm and the voltage on positive electrode was set to 20 kV. 
Figure 11. A) Top view of the lab-scale electrostatic separator; a: funnel; b: charging tube; 
c: positive-high-voltage electrode; d: grounded electrode; B) Schematic drawing of the 
electrostatic separation process in the lab-scale electrostatic separator (not to scale) with 
a top view of the separation chamber
A
a
b
c
d
B
Funnel
HV power supply
N2 N2 out
Charging tube
0.18cm 10cm
Separation chamber
Ground
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The nitrogen flow entrained the particles at the bottom of the funnel into the 
charging tube, where particles were charged by triboelectric charging. The 
particles were then exposed to the transverse electrostatic field. The positively 
charged particles were attracted to the grounded electrode, while the negatively 
charged particles were attracted to the positive electrode.
For each electrostatic separation experiment, 5 g of starting material was used. 
The positively charged (P) and negatively charged (N) fractions were collected 
from the grounded and positive electrodes, respectively. Because of the horizontal 
design, the gravitational force worked against the separation by dragging the 
particles to the bottom of the separation chamber before the particles were 
attracted to the electrodes, which resulted in a large loss. 
Different settings of process parameters were applied as shown in Figure 12. 
During electrostatic separation, charge of particles was measured indirectly 
from the charging tube as described in previous study (Wang et al., 2014) and 
expressed as specific charge (in μC/g).
Figure 12. Different settings for electrostatic separation. AmbientWBF: whole bran flour 
milled at ambient temperature. CryoWBF: whole bran flour obtained by cryogenic milling 
the AmbientWBF. ES: electrostatic separation. Lt: charging tube length. vg: carrier gas 
velocity. -P: positively charged fraction. -N: negatively charged fraction.
AmbientWBF
Reference setting Variable particle size Variable carrier gas 
velocity
Variable charging 
tube length
Ambient-P Cryo-P Cryo-N vg-Nvg-P Lt125 -P Lt125 -NAmbient-N
Cryogenic milling
ES
Lt = 225 mm, 
vg = 28 m/s
ES
Lt = 225 mm, 
vg = 28 m/s
ES
Lt = 125 mm, 
vg = 28 m/s
ES
Lt =225mm,
vg =15,21,31 or 36m/s
CryoWBF
44
Chapter 3
Air jet sieving
Various size fractions of the wheat bran flours were prepared by air jet sieving 
(Alpine200 LS-N, Hosokawa-Alpine, Augsburg, Germany) with a 50 μm sieve at 
4000 Pa for 2 min.
Particle size distribution
The particle size distributions of the different powder fractions were determined 
by laser diffraction using a Mastersizer 2000 in combination with the Scirocco 
2000 dry dispersion unit (Malvern Instruments Worcestershire, UK). Each 
measurement was performed in duplicate.
Biochemical analysis
The dry matter content was determined by drying 2 g of sample in an oven 
at 105 °C overnight. The total starch and β-glucans content of fractions were 
measured according to the approved AACC method 76-13 and AACC Method 32-
23 (AACC, 2000), respectively, using Megazyme kits (Megazyme International 
Ireland Ltd., Ireland). The protein content was analysed using Dumas analysis 
(Nitrogen analyser, FlashEA 1112 series, Thermo Scientific, Interscience). A 
conversion factor of N × 6.31 for wheat bran protein was used (Livsmedelsverk, 
1987). 
The arabinoxylans content was analysed by a modified phloroglucinol method 
that measures pentosans content (Douglas, 1981; Finnie et al., 2006). Besides 
arabinoxylans, pentosans also include arabinogalactans. However, the occurrence 
of arabinogalactans in wheat grain is very low (0.27 to 0.38% dry matter basis) 
and will not interfere the determination of arabinoxylans, therefore this method 
is widely used to determine arabinoxylans content in wheat (Bettge and Morris, 
2007; Ramseyer et al., 2011; Stone and Morell, 2009). A suspension of ca. 8 – 
10 mg of wheat bran flour in 4 mL of water was prepared in a stoppered glass 
tube. Immediately after mixing on a vortex mixer, two times of 0.2 mL of the 
suspension was quickly pipetted into two stoppered glass tubes, respectively. 
To each tube, 1.8 mL of water was added to make the sample suspension (2 
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mL of total volume). Then 10 mL of freshly prepared extraction solution (110 
mL of glacial acetic acid, 2 mL of concentrated hydrochloric acid, 5 mL of 20% 
w/v phloroglucinol in absolute ethanol and 1 mL of 1.75% w/v glucose in water) 
was added to each tube and the samples were incubated in a boiling water bath 
for 25 min, after which the samples were cooled in an ice bath. Absorbance of 
the samples was read at 552 and 510 nm as soon as practical after cooling, 
but within one hour. The absorbance reading at 510 nm was subtracted from 
552 nm to eliminate the influence of hexose sugars. Arabinoxylans content was 
calculated by using a xylose standard concentration series (xylose standards 
run in triplicate of 0, 0.025, 0.05, 0.075 and 0.1 mg / mL). Two xylose standard 
samples were included in each batch of wheat bran flour samples as controls.
All measurements were done in duplicate. All contents reported are based on dry 
weight.
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Results and discussion
Single-step electrostatic separation
As indicated in our previous study, a longer charging tube and a higher gas 
velocity facilitate the triboelectric charging of particles (Wang et al., 2014). 
Therefore, as a first configuration, a 225 cm tube combined with a gas velocity 
of 28 m/s was used. This was used as the reference condition for later optimizing 
the single-step electrostatic separation of wheat bran. Besides AX, the fractions 
were also analysed on β-glucans, starch and protein contents were also analysed 
to demonstrate the separation of AX from other components. The results are 
shown in Table 2.
For all samples, the yields of positively charged (‘-P’) and negatively charged 
(‘-N’) fractions did not sum up to hundred percent. This was due to the intrinsic 
drawback of the horizontal design of the lab-scale electrostatic separator, but is not 
inherent to the separation method. In the horizontal separator, the gravitational 
force drags part of the particles to the bottom of the separation chamber before 
the particles are attracted to the electrodes. The yield of Ambient-P was higher 
than the yield of Ambient-N, indicating that more material from the whole bran 
flour was charged positively. This was confirmed by the specific average charge 
of the total AmbientWBF, which was 0.57±0.03 μC/g. β-Glucans, starch and 
proteins were enriched in the positive fraction, with separation efficiencies 
(the percentage in the starting material that was recovered in the particular 
fraction) of 81%, 81% and 55%, respectively. AX was the only component that 
was enriched in the negative fraction (AX content of 26% dry matter basis in 
Ambient-N compared to 23% dry matter basis in AmbientWBF). However, due to 
the low yield of Ambient-N, the separation efficiency of AX was only 16%. Once 
more, this low yield was due to the design of the experimental system, and is 
not intrinsic in the method.
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The difference in enrichment is probably because of the different origins of the 
components. The AX stems mainly from the pericarp, whereas the β-glucans, 
starch and proteins are mostly from the aleurone layer and endosperm. Because 
AX also vastly occurs in the cell walls of aleurone layer and endosperm, the 
positively charged fraction also contained certain amount of AX. The results are 
in agreement with those of Hemery et al. (2011) and indicate that electrostatic 
separation of wheat bran is based on the histological structure of the bran. 
Particles from the pericarp tend to be charged oppositely from the particles 
originating from aleurone layer and endosperm. Hemery et al. hypothesized that 
the difference in cell walls might be the main factor influencing the charging of the 
Yield
AmbientWBF
Ambient-P
Ambient-N
CryoWBF
Cryo-P
Cryo-N
Lt125-P
Lt125-N
15-P
15-N
21-P
21-N
31-P
31-N
36-P
36-N
-
52 ± 1.5
14 ± 0.1
-
65 ± 2.1
9 ± 0.4
49 ± 0.8
16 ± 1.5
50 ± 1.6
9 ± 0.7
54 ± 1.9
9 ± 0.5
51 ± 2.3
15 ± 1.2
51 ± 2.1
15 ± 0.8
23 ± 0.0
18 ± 1.1
26 ± 1.1
31 ± 0.5
29 ± 0.3
33 ± 2.6
16 ± 0.5
31± 2.9
24 ± 1.5
26 ± 1.2
22 ± 1.2
23 ± 1.7
21 ± 0.9
31 ± 1.5
18 ± 0.3
30 ± 1.1
3 ± 0.1
4 ± 0.0
0 ± 0.0
3 ± 0.1
4 ± 0.0
1 ± 0.0
4 ± 0.0
0 ± 0.0
4 ± 0.0
1 ± 0.0
4 ± 0.1
1 ± 0.0
4 ± 0.4
0 ± 0.0
4 ± 0.0
0 ± 0.0
13 ± 0.6
20 ± 0.4
2 ± 0.0
10 ± 0.4
12 ± 0.0
1 ± 0.0
18 ± 0.4
3 ± 0.1
17 ± 0.3
6 ± 0.2
19 ± 0.4
6 ± 0.1
21 ± 0.1
2 ± 0.0
22 ± 0.3
2 ± 0.0
17 ± 0.0
18 ± 0.0
10 ± 0.1
15 ± 0.1
15 ± 0.1
10 ± 0.1
20 ± 0.2
8 ± 0.0
17 ± 0.0
12 ± 0.0
17 ± 0.1
13 ± 0.2
18 ± 0.0
10 ± 0.2
19 ± 0.0
10 ± 0.3
AX β-glucans Starch Protein
Mean value ± absolute deviation (n=2)
AmbientWBF: whole bran flour milled at ambient temperature. CryoWBF: whole bran flour obtained 
by cryogenic milling the AmbientWBF. Lt125: charging tube length of 125 cm. 15, 21, 31, 36: carrier 
gas velocity in m/s. –P: positively charged fraction. –N: negatively charged fraction. 
Table 2. Yield (% of starting material) and content of AX, β-glucans, starch and protein (% 
dry matter basis) in whole bran flour and fractions obtained from electrostatic separation 
with different particle size, charging tube length and carrier gas velocity. 
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different bran particles. Besides that, the starch could also be a key component 
influencing the charging and separation process, because of its relatively large 
mass fraction and relatively small size, which makes it more likely to stick to 
different surfaces. 
Optimization on single-step electrostatic separation
The particle size, carrier gas velocity and charging tube length are known to 
influence the charging of (agro-)materials and as a consequence the separation 
performance (Wang et al., 2014). Therefore, these parameters were varied to 
optimize the enrichment of AX. 
Reducing particle size by cryogenic milling 
Smaller particles have been found to take a relatively large charge, due to their 
larger specific surface area and their sensitivity towards gas flow pattern changes 
(Wang et al., 2014). Therefore, it is expected that separation is improved by 
reduction of the particle size, e.g. by cryogenic milling. However, Hemery et al. 
(2011) found that direct cryogenic milling of wheat bran did not lead to a better 
separation: more composite particles were obtained, probably all components 
exhibit similar mechanical properties at these low temperatures, and thus the 
fracture is through the tissues, instead of between them. 
Therefore, milling was carried out in two consecutive steps. First ambient milling 
on wheat bran to obtain whole bran flour (AmbientWBF), and subsequently 
cryogenic milling was applied. Following this approach we expected similar 
dissociation of components for AmbientWBF and the flour after cryogenic milling 
(CryoWBF). 
As can be observed in Figure 13, the particles were further reduced in size by 
cryogenic milling (D[4,3] from 210 μm to 110 μm). The smaller fraction of very 
fine particles (smaller than 10 μm) in CryoWBF could be due to the loss of starch 
and protein caused by the evaporation of liquid nitrogen during milling (Table 2). 
The charge measurement of AmbientWBF and CryoWBF (0.57±0.03 and 
0.68±0.01 μC/g, respectively) showed that a smaller particle size resulted in 
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increased charging as expected. However, the cryogenic milling did not improve 
the enrichment of AX as the AX content in Cryo-N was only 2% higher than it 
was in CryoWBF (Table 2), while the separation efficiency was lower than that of 
Ambient-N (11% comparing to 16%). 
Therefore, the hypothesis that further reducing the particle size facilitates the 
enrichment of AX was not confirmed. This may be explained by an increase in 
the agglomeration behaviour of oppositely charged particles in the charging tube 
(Schönert et al., 1996). Oppositely charged particles tend to associate because 
of their coulombic interaction, which is more pronounced for smaller particles due 
to their higher specific charge, while external stresses are less likely to dissociate 
these small particles (Lam and Newton, 1992). Because the net charge of the 
CryoWBF was positive, the charge of the agglomerates is most likely dominated 
by the positively charged particles. As a consequence, the agglomerates are 
expected to end up in the positive fraction resulting in a higher yield of this 
fraction (Table 2).
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Figure 13. Particle size distribution of whole bran flour milled at ambient temperature 
(AmbientWBF) and whole bran flour obtained by cryogenic milling the AmbientWBF 
(CryoWBF).
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Figure 14. AX content and separation efficiency (SE) of the AX-enriched fraction as a 
function of carrier gas velocity. The error bars indicate the absolute deviation. Lines are 
to guide the eye.
Additionally, loss of starch and protein during cryogenic milling due to the 
generation of a large volume of gas by the evaporation of the liquid nitrogen, 
would change the type of particle-particle interactions and consequently lead to 
an insufficient charge of the other components (Forward et al., 2008). 
To conclude, adding a cryogenic milling step after ambient milling of the wheat 
bran is not recommended, because further reduction of particle size did not 
improve the enrichment. The particle size and composition of the starting material 
should be optimized for sufficient opposite charging on the components and at 
the same time minimizing the agglomeration. Additionally, the usage of liquid 
nitrogen will increase the energy consumption of the whole dry fractionation 
process, which also makes cryogenic milling unfavourable.  
Influence of carrier gas velocity
A higher carrier gas velocity was expected to promote the enrichment of AX 
because it increases the charging (Chen et al., 2014a; Wang et al., 2014), and 
also facilitate the breakdown of agglomeration. Five gas velocities were tested 
and the results are shown in Figure 14. 
 
Figure 4. AX content and separation efficiency (SE) of the AX-enriched fraction as a function of carrier gas velocity. The 
error bars indicate the absolute deviation. Lines are to guide the eye. 
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Figure 15 shows that the charge of the whole bran flour increased linearly with 
the gas velocity, with some offset. However, the change of the AX content and 
separation efficiency did not relate linearly to the gas velocity. Below 28 m/s, 
the gas velocity had no influence on the AX content in the negative fraction. An 
increase of 5% dry matter basis of AX content occurred when the gas velocity 
was increased to 31 m/s. However, increasing the gas velocity from 21 m/s to 28 
m/s could already increase the separation efficiency from 10 % to 16%. Further 
increasing the gas velocity to 31 m/s gave another 5% increase in separation 
efficiency. 
These results may be explained by the balance between formation and breakdown 
of agglomerates. As discussed before, the increased charge of particles leads 
to stronger coulombic interactions and thus more agglomeration of oppositely 
charged particles. On the one hand, increasing the gas velocity leads to a higher 
charge and thus an increased chance for agglomeration. On the other hand, a 
high gas velocity also contributes to break down of agglomerates (Schönert et al., 
1996). Above 21 m/s, the gas flow in charging tube starts to transit from laminar 
to turbulent flow, which might enhance the net breakdown of agglomerates 
compared to low gas velocities. Therefore, fewer agglomerates may be formed 
and thus better separation is achieved. To conclude, higher carrier gas velocity 
is favoured to achieve a better enrichment of AX.
Figure 15. Specific charge of whole bran flour as a function of the carrier gas velocity. The 
error bars indicate the absolute deviation. The linear line is fitted to the data.
 
Figure 5. Specific charge of whole bran flour as a function of the carrier gas velocity. The error bars indicate the absolute 
deviation. The linear line is a linear fittingfitted to the datajust to guide the eye. 
 
0
0,1
0,2
0,3
0,4
0,5
0,6
0,7
0,8
0,9
0 10 20 30 40
Spe
cific
 cha
rge
 (μC
/g)
Gas velocity (m/s)
S
pe
ci
fic
 c
ha
rg
e 
(μ
c/
g)
Gas velocity (m/s)
0 2010 30 40
.
.
.
.
.
.
.
.
.
52
Chapter 3
Influence of charging tube length
To verify the hypothesis that longer charging tube facilitates the separation of 
whole bran flour by increasing the charging of particles, a different length of 
charging tube was tested. 
A shorter charging tube indeed gave a lower specific charge to the whole bran 
flour (0.46 ±0.00 µC/g), but it resulted in a higher AX content in the negative 
fraction (Table 2). This can again be explained by the formation of agglomerates 
in the charging tube. A longer charging tube increases the residence time of 
particles in the tube, which increases the chance for oppositely charged particles 
to meet each other and lead to more agglomerates. Due to the higher specific 
charge, these agglomerates would be difficult to break down in the electric field 
(Tilmatine et al., 2009).
Summary for the optimization of a single-step electrostatic separation
To summarize, simply increasing the charge of the particles is not enough 
to have a better separation. A higher charge of particles also leads to more 
agglomerates. Only if these agglomerates are broken down e.g. at increased 
gas velocities a better separation can be achieved. Based on the results above, 
the optimal settings for enriching the AX in this system was found as: whole 
wheat bran milled at ambient temperature as starting material, 125 cm charging 
tube, gas velocity of 31 m/s. This optimal condition was used during further 
experiments. 
Combination of electrostatic separation and sieving
Hemery et al. (2011) suggested sieving the whole bran flour with a 50 μm sieve 
before electrostatic separation to remove the fine particles, which might improve 
the electrostatic separation performance. However, this may also change the 
composition of starting material, which might negatively influence the separation. 
To test both hypotheses, we combined electrostatic separation and sieving in 
different orders. AX enriched fractions were compared on their yield, AX content 
and separation efficiency (SE) (Figure 16).
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With the optimized setting, electrostatic separation alone could enrich the AX from 
23% to 30% dry matter basis in the negative fraction (N). The coarse fraction 
(>50 µm) obtained by sieving had a similar AX content. However, the separation 
efficiency of sieving was more than twice that of electrostatic separation, which 
is due to the different yield. As described before, the gravitational force drags 
particles to the bottom of the separation chamber before particles are attracted 
to the electrodes. Therefore the horizontal design of the lab-scale electrostatic 
separator resulted in a larger loss and thus low yield of the AX-enriched fraction 
(19%). During sieving, there was hardly any loss and 45% of the starting material 
ended up in the coarse fraction. 
A sieving step before electrostatic separation did not further increase the AX 
content of fraction. In contrast, much lower separation efficiency was found due 
to the low yield in this fraction (1%), because sieving affected the composition 
of the starting material in a similar way as cryogenic milling. Fine particles, e.g. 
starch and protein, tend to be charged positively in electrostatic separation. 
Removing these particles by sieving is expected to affect the charging behaviour 
Figure 16. Yield, AX content and AX separation efficiency (SE) of enriched fractions 
obtained with: only electrostatic separation (N), only sieving (>50 µm), first sieving and 
then electrostatic separation (>50 µm-N), and first electrostatic separation and then 
sieving (N->50 µm). ES: electrostatic separation. The error bars indicate the absolute 
deviation.
 
Figure 6. Yield, AX content and AX separation efficiency (SE) of enriched fractions obtained with: only electrostatic 
separation (N), only sieving (>50 m), first sievi g and then electrostatic separation (>50 µm-N), nd first electrostatic 
separation and then sieving (N->50 µm). ES: electrostatic separation. The error bars indicate the absolute deviation. 
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due to different particle-particle interactions and as a result insufficient charging 
of the other components, especially of those that tend to take opposite charge, 
i.e. particles rich in AX. 
A sieving step after the electrostatic separation resulted in a fraction with the 
highest AX content (43% dry matter basis) among the four compared fractions. 
The structure of the outer pericarp (brush hair, outer epidermis, hypodermis and 
parenchyma) and the inner pericarp (cross cells) were observed in this fraction 
by scanning electron microscopy (Figure 17). Because the seed coat and nucellar 
epidermis are firmly fused with the inner pericarp (Bechtel et al., 2009), they 
probably also end up in this fraction. Furthermore, almost no starch or protein 
was found, which confirms that this fraction contains mainly particles from 
outer pericarp and intermediate layer (inner pericarp, seed coat and nucellar 
epidermis). 
Figure 17. Scanning electron microscope (SEM) image of the AX-enriched fraction obtained 
with first electrostatic separation and then sieving. Structure of outer epidermis (OE), 
hypodermis (H), parenchyma (P), brush hair (BH) and cross cells (CC) can be distinguished.
The outer pericarp and intermediate layer together make up 51~54% of the bran 
weight (Barron et al., 2007; Hemery et al., 2009a), and therefore the maximum 
theoretical yield of this fraction is 51~54%. The resulting maximum theoretical 
AX content is then 35~47% dry matter basis based on the AX content of the 
outer pericarp and intermediate layer and is cultivar-dependent (Barron et al., 
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2007; Benamrouche et al., 2002; Brillouet and Joseleau, 1987). Therefore, by 
adding a sieving step after the electrostatic separation, we were able to achieve 
the maximum theoretical AX content. The yield was relatively low (8%) due 
to the large loss caused by the horizontal set-up, but we expect that this can 
be amended by adjusting the system design: a vertical set-up is expected to 
provide higher yields. 
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Conclusions
Electrostatic separation of wheat bran was shown to be based on the histological 
structure of the bran. During triboelectric charging, particles from the aleurone 
layer and the endosperm take positive charge, whereas particles from the 
pericarp adopt a negative charge. 
Because AX is mostly present in the pericarp, it was possible to enrich AX with 
electrostatic separation. Adding a cryogenic milling step after ambient milling 
did not improve the enrichment of AX, due to agglomeration of the smaller 
particles, and the overall negative change of the composition of starting material. 
Additionally, cryogenic milling is undesired for its high energy consumption. 
A larger gas velocity improved the enrichment of AX because of the higher 
charging of the particles and avoiding agglomeration. A short tube was favoured, 
probably because of the short residence time in the charging tube, which reduce 
the risk of agglomeration of oppositely charged particles. Therefore, to optimize 
the enrichment of AX from wheat bran by electrostatic separation, it is important 
to sufficiently charge the particles while agglomeration is minimized. Combination 
of ambient milling, shorter charging tube and a high gas velocity was found 
optimal for AX enrichment. Single step electrostatic separation of wheat bran 
could increase the AX content from 23% to 30% dry matter basis, which is 
similar as can be achieved by sieving. However, in comparison to sieving, the 
yield of the enriched fraction was lower due to the horizontal design of the setup. 
This may be improved by switching from a horizontally to a vertically designed 
separator, which is also more practical. 
Sieving the wheat four with a 50 µm sieve before the optimized single-step 
electrostatic separation did not improve the enrichment of AX: the removal of 
starch and protein changes the composition of the starting material and leads to 
different particle-particle interactions and thus less charging on particles rich in 
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AX. However, adding a sieving step with 50 µm sieve after the electrostatic step 
could effectively remove starch and protein and resulted in a fraction with an AX 
content of 43% dry matter basis, which is around the maximum theoretical AX 
content. 
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Abstract
Electrostatic separation is a novel and sustainable process for dry separation 
of food ingredients. To establish guidelines for electrostatic separation, well-
defined charging and separation experiments of model mixtures prepared from 
wheat gluten and starch were carried out. For this a custom-built bench-scale 
electrostatic separator was developed. Charging behaviour of mixtures improved 
with decreasing particle concentration and increasing gas flow rate, which was 
similar compared to charging behaviour of single materials. However, the charge 
of mixtures was not simply the sum of the charge of single materials because 
particle-particle interactions also largely influence the charging. Separation 
efficiencies for mixtures were found lower than could be expected on the basis of 
behaviour of single materials in the equipment. This was attributed to formation 
of agglomerates by particles having opposite charge, which was further confirmed 
by the observation that dispersibility of the mixtures was poorer than for the 
single materials. Agglomeration of particles during electrostatic separation can 
be minimized by using high gas flow velocity, low feed dosing and higher field 
strength. 
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Introduction
Dry fractionation has major advantages compared to wet fractionation of foods 
into ingredients due to its much lower energy consumption and retention of 
the native ingredient properties (Schutyser et al.; Schutyser and van der Goot, 
2011). By combining fine milling and dry separation, dry fractionation separates 
the material into a fraction that is enriched and one that is depleted in a specific 
target component, such as protein or fibre (Pelgrom et al., 2015b). Conventionally 
air classification and sieving are used for the separation step; only recently 
electrostatic separation has been proposed for dry separation of food materials, 
although the general principle of electrostatic separation has been applied for 
decades in mining industries for separation of minerals and purification of coal 
(Bada et al., 2010; Ban et al., 1997; Cangialosi et al., 2008; Dwari et al., 2015; 
Li et al., 1999; Trigwell et al., 2003), and also for recycling of plastic waste 
(Bendimerad et al., 2009; Dodbiba et al., 2002; Inculet et al., 1998; Jeon et al., 
2006; Tilmatine and Dascalescu, 2010; Wu et al., 2013; Younes et al., 2015). 
Electrostatic separation based on triboelectric charging is found effective for 
separation of small particulates with small differences in conductivity (Higashiyama 
and Asano, 1998; Kelly and Spottiswood, 1989b). Triboelectric charging is 
achieved by entraining particles in a gas flow through a channel, where the 
particles collide with the walls of the channel and are charged. Subsequently, the 
charged particles are separated under the influence of an external electric field 
(Fraas and Balston, 1940; Haga, 1995; Kelly and Spottiswood, 1989c), as they 
are subjected to a force (Fe), which is the product of the charge on the particle 
(qp) and the electric field strength (E). Therefore, the process parameters that 
influence the charging process and electric field, e.g. particle concentration, 
gas flow rate, applied voltage and distance between electrodes, influence 
the effectiveness of separation (Bada et al., 2010; Bendimerad et al., 2009; 
Cangialosi et al., 2008; Dwari et al., 2015; Gupta et al., 1993). While several 
studies have demonstrated the possibility of using electrostatic separation to 
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fractionate food ingredients, e.g. for the enrichment of aleurone layers and fibre-
rich layers in different fractions, respectively, from wheat bran and oat bran 
(Brouns et al., 2012; Chen et al., 2014b; Dascalescu et al., 2010; Hemery et 
al., 2011; Remadnia et al., 2014; Sibakov et al., 2014; Stone and Minifie, 1988; 
Wang et al., 2015b), and for the enrichment of protein from legumes (Pelgrom et 
al., 2015a), the influence of process parameters such as particle concentration, 
gas flow and electric field on the electrostatic separation of food ingredients has 
not been systematically studied.
In our previous study, the triboelectric charging behaviour of a single material 
was investigated (Wang et al., 2014). However, the charging behaviour of a 
mixture is more complex because particle-particle interactions come into play 
(Bendimerad et al., 2009; Cangialosi et al., 2008; Forward et al., 2008; Schönert 
et al., 1996). Therefore, the study reported here aimed at elucidating the role 
of these interactions, and providing the directions for developing an electrostatic 
separation process for legumes and cereal. Representative model ingredient 
mixtures were prepared from purified wheat gluten and starch. Moreover, a 
custom bench-scale electrostatic separator was constructed, which allowed well-
defined charging and separation experiments. The experiments were designed to 
evaluate the influence of several factors on charging and separation behaviour: 
the composition of mixture, powder dosing rate, gas flow rate, the applied voltage 
and the distance between two electrodes. 
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Materials and methods
Materials
Vital wheat gluten (D[4,3] = 67 μm, D[3,2] = 17 μm) was obtained from 
Roquette (France) with the following specifications: moisture 6% (w/w), protein 
75~80% (w/w), starch 9% (w/w), cellulose <1% (w/w), fat 7% (w/w) and ash 
1% (w/w). Wheat starch (D[4,3] = 29 μm, D[3,2] = 9 μm) was purchased from 
Sigma–Aldrich (Germany) with a moisture content of 10.1 ± 0.6% (w/w). No 
further drying of the materials was carried out because the moisture content of 
both materials is within the range that does not influence the charging process 
(Hemery et al., 2009b; Wang et al., 2014). 
Model mixtures of wheat gluten and starch were prepared by mixing the individual 
components with a weight ratio of 1:9, 2:8, 3:7, 4:6, 5:5, 6:4, 7:3, 8:2 and 9:1. 
Because the protein content of wheat gluten is ~80%, the corresponding protein 
contents of the mixtures are 8%, 16%, 24%, 32%, 40%, 48%, 56%, 64% and 
72%, respectively. 
Bench-scale electrostatic separator
A vertical bench-scale electrostatic separator was constructed to carry out well-
defined charging and separation experiments. It consists of four parts: feeding 
system, charging slit, separation chamber and collecting chamber (Figure 18). 
The feeding system allows independent control of the powder dosing rate and 
the carrier gas flow rate by introducing the gas flow in a special-designed unit 
below the outlet of a screw feeder. The screw feeder can accurately dose powder 
between 0.5 kg/h and 2.5 kg/h. In the transition unit the particles are dispersed 
by the gas flow and carried downwards to the charging slit. Inside the charging 
slit, the particles are charged by tribo-electrification due to particle-particle and 
particle-wall contact. The charging slit is made of aluminium and consists of 
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Figure 18. A) Schematic drawing and B) a picture of bench-scale electrostatic separator.
four parallel channels, all having the same dimension of 2.5 mm × 3 mm × 220 
mm. After being charged, the particles then are entrained by the gas into the 
separation chamber, where an electric field is created between two oppositely 
placed electrodes. One electrode is supplied with a high positive voltage, while 
the other one is grounded. The two electrode plates were always kept parallel and 
only the distance between the electrodes was varied. The particles are deflected 
based on their charge: positively charged particles to the grounded electrode 
and negatively charged particles to the positive electrode. At the bottom of the 
separation chamber two filter bags are mounted to collect the positively charged 
fraction (PF) and negatively charged fraction (NF), respectively. 
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Screw feeder
N2 in
A B
Transition partTransition part
Charging slit
Charging slit
HV power supply
HV power supply
Collecting chamber
Collecting chamber
Electrometer
Electrometer
Separation chamber
Separation chamber
Ground
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Charge measurement
An electrometer (Keithley Model 6215) was connected to the charging slit to 
measure the impact charge obtained by the slit, and hence of the particles colliding 
with the slit surface. The measurement and calculation of the specific particle 
charge, defined as the charge-to-mass ratio, was adapted from a previous study 
(Wang et al., 2014). All measurements were carried out in duplicate.
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Separation experiment
Before each separation experiment, the entire system was flushed with dry 
nitrogen for safety reasons. The run time was adjusted for different powder 
dosing rates to allow 25 g of powder dosed for each experiment. Five parameters 
were varied: the gluten-to-starch weight ratio (1:9 – 9:1); the powder dosing 
rate (0.5 – 2.5 kg/h); the gas flow rate (5 – 30 L/min); the electric field strength 
(100 – 250 kV/m, by changing the applied voltage between 10 – 25 kV at a 
distance of 10 cm between the electrodes) and distance between the electrodes 
(10 – 25 cm). Only one parameter was varied at a time while the others were 
kept constant. From each experiment a positively charged fraction (PF, including 
the material deposited on the ground electrode and retained in the left collector) 
and a negatively charged fraction (NF, including the material deposited on the 
positive electrode and retained in the right collector) were collected, weighed and 
analysed on protein content. All the experiments were carried out in duplicate.
Separation behaviour was evaluated by determining protein concentrations, 
relative yield of the fractions and protein separation efficiency. Protein separation 
efficiency (PSE) is defined as the percentage of protein recovered in the target 
fraction from the protein in the starting material and is calculated by Eq. 4 
(Schutyser and van der Goot, 2011).
PSE =           (Eq. 4)
where Yf is the yield of the fraction, Pf is the protein concentration of the fraction 
and Pm is the protein concentration of starting material.
On the basis of the distribution behaviour of the individual components (wheat 
gluten or starch) in the equipment, separation behaviour of their mixture was 
predicted. This estimation neglected particle-particle interactions and thus the 
role of these interactions could be investigated. The predicted yield (Yf
pre) and 
protein concentration (Pf
pre) were calculated as follows:
Yf
pre =           (Eq. 5)
Yf ∙ Pf 
Pm
Gm ∙ Yf
g + (100 - Gm) ∙ Yf
s
100
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Pf
pre =           (Eq. 6)
where Gm is the gluten content of the mixture, Yf
g is the yield of the fraction when 
only gluten was used, Yf
s is the yield of the fraction when only starch was used 
and Pg is the protein concentration of ‘pure’ wheat gluten.
Protein concentration
The protein concentration was analysed using Dumas analysis (Nitrogen analyser, 
FlashEA 1112 series, Thermo Scientific, Interscience). A conversion factor of N × 
5.7 was used. All measurements were carried out in duplicate.
Dispersibility analysis
The dispersibility of powder was analysed according to the pressure titration 
method described by Pelgrom et al. (2014). The particle size distribution was 
measured at different dispersion pressures between 10 and 400 kPa, by using 
Mastersizer 2000 equipped with a Scirocco 2000 dry dispersion unit (Malvern 
Instruments, Worcestershire, UK). It was assumed that at the highest pressure 
(400 kPa) full dispersion is achieved, while at lower air pressures the particles do 
not fully disperse as they remain agglomerated, which results in a larger particle 
size. The dispersibility was expressed by the degree of de-agglomeration (DDA) 
calculated according to Eq. 7 (Jaffari et al., 2013).
DDA =          (Eq. 7)
where DHP is the D50 at the highest dispersion pressure and DP is the D50 at each 
dispersion pressure. A full dispersion is achieved when DDA = 1.
 Gm ∙ Yf
g ∙ Pg
100∙Yf
pr 
DHP
DP
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Results and discussion
Charging of isolated wheat gluten and starch
Because the bench-scale electrostatic separator allows independent control 
of the powder dosing rate and the carrier gas flow rate, it was possible to 
investigate the influence of the particle concentration in the charging slit and the 
gas flow rate independently. The particle concentration (v/v%) was calculated 
by assuming that the particles moved along at the same overall rate as the 
carrier gas. This assumption aims to make the calculation simple while keeping 
in mind that in charging slit the actual particle concentration can be higher than 
calculated, because the particles might move slower than the carrier gas due to 
collisions with the wall and possible electrostatic effect (Korevaar et al., 2014). 
At a constant gas flow rate, different particle concentrations were achieved by 
varying the powder dosing rate (0.5 – 2.5 kg/h). Because of the different particle 
densities for wheat gluten (1350 kg/m3) and starch (1500 kg/m3), the particle 
concentration at the same powder dosing rate is different for the two materials.
In Figure 19-A it can be observed that at a gas flow rate of 10 L/min, the 
specific charge of both gluten and starch slightly decreased with higher particle 
concentration in the charging slit. This can be explained by the decreased 
probability of particle-wall collisions due to the presence of more particles in 
the slit (Matsusaka et al., 2010; Watano, 2006). When we increased the gas 
flow rate from 10 L/min to 20 L/min at constant particle concentration of 0.12 
v/v% by adjusting the powder dosing rate accordingly, the specific charge for 
both materials increased strongly (Figure 19-B). This can be explained by the 
increasing impact velocity when particles collide with the slit wall, which results 
in a larger contact surface and as a result higher charge obtained by the particle 
(Yamamoto and Scarlett, 1986). Furthermore, the transition from laminar to 
turbulent occurs around 20 L/min (Reynolds number ~2100) in the charging 
slit, which is expected to result in more collisions with the wall (Wang et al., 
2014). In other words, the decrease in specific charge caused by high particle 
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concentration can be compensated by increasing the gas flow rate. Because of 
their influence on charging, particle concentration and gas flow rate are expected 
to be critical factors for electrostatic separation.
Figure 19. Charging of wheat gluten and starch A) as function of particle concentration in 
charging slit, with gas flow rate of 10 L/min; B) as function of gas flow rate, with particle 
concentration of 0.12 v/v%. The error bars indicate the absolute deviation.
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Charging and separation of mixtures with different gluten to 
starch ratio
To investigate the influence of composition on charging and separation of binary 
mixture, a series of gluten-starch mixtures were prepared with gluten to starch 
weight ratio ranging from 1:9 to 9:1. Because the protein content of ‘pure’ 
wheat gluten is ~80%, the protein content of the mixtures ranged from 8% to 
72%. Electrostatic separation was carried out with a dosing rate of 2.5 kg/h, a 
gas flow rate of 10 L/min, an applied voltage of 15 kV and a distance between 
the two electrodes of 10 cm. The same settings were also applied with only 
wheat gluten or starch as feed for predicting charging and separation behaviour 
of the mixtures.
Influence of the mixture composition on charging
The measured specific charge of the mixtures is plotted as a function of the initial 
protein content in Figure 20. A line was drawn for the predicted charge on the 
basis of the measured charge of wheat gluten and starch at the same conditions 
during single material experiments. A linear relation between the specific charge 
of the mixture and the gluten-to-starch ratio was assumed for this. The specific 
charge of all mixtures deviated from the predicted values, indicating that the 
charge of the mixture is not simply a sum of the charge of the two individual 
components and particle-particle interactions are important (Forward et al., 
2008). Besides particle-wall collision, in practice collisions between gluten 
particles and starch granules contribute to charge exchange between the two 
materials. Subsequently, when the charged particles collide with the walls, the 
existing charge of the particles will influence the charge transferred to the wall 
differently from single-material system (Korevaar et al., 2014; Matsusaka et al., 
2010; Watano, 2006). Furthermore, when charged gluten particles and starch 
granules contact with each other, they can agglomerate due to their opposite 
charge. This effect also influences the overall charging behaviour of the mixture. 
More quantitative explanation of the velocity and position of the particles during 
charging is reported in a separate paper (Korevaar et al., 2015).
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Figure 20. Specific charge of gluten-starch mixtures as a function of initial protein 
content, with powder dosing rate 2.5 kg/h and gas flow rate 10 L/min. The predicted line 
is calculated by assuming a linear relation between the charge of the mixture and the 
composition of the mixture. The error bars indicate the absolute deviation.
Influence of the mixture composition on separation
The yield of the positively charged fraction (PF) increased with increasing initial 
protein content, while the yield of the negative charged fraction (NF) decreased 
(Figure 21-A). This can be explained because gluten obtains a positive charge and 
thus is enriched in the positively charged fraction. With the increase of the initial 
protein content (gluten-to-starch ratio), more material took a positive charge 
and therefore the yield of the positively charged fraction increased. However, for 
mixtures with initial protein content lower than 65 %, the yield of the positively 
charged fraction was lower than the predicted value, along with a relative larger 
loss. This can be related to agglomeration and the poor dispersibility of those 
mixtures. As can be seen in Figure 22-A, the degree of de-agglomeration (DDA) 
decreased with decrease of the dispersion pressure for all powders, indicating 
that the low dispersion pressure was not sufficient to break the agglomerates 
formed by fine particles. 
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Figure 21. Separation of gluten-starch mixture at powder dosing rate 2.5 kg/h, gas flow 
rate 10 L/min, applied voltage 15 kV and distance between electrodes 10cm: A) Yield of 
the positively charged fraction (PF), the negatively charged fraction (NF) and the loss 
fraction (Loss) as a function of initial protein concentration and B) Protein concentration 
of the positively charged fraction (PF) as a function of the initial protein concentration. The 
dashed line indicates the initial protein concentration. The predicted values are calculated 
on the basis of results of only wheat gluten or starch at the same conditions. The error 
bars indicate the absolute deviation. 
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Figure 22-B compares the DDA at 10 kPa for all powders. ‘Pure’ gluten has a 
higher DDA than pure starch (0.84 compared to 0.77), which may be a result 
of the lower cohesive forces between gluten particles due to their larger particle 
size and surface roughness (Figure 23) (Islam et al., 2005; Lam and Newton, 
1992). The roughness reduces the effective contact area of the contact surfaces 
and therefore the cohesive force between particles (Islam et al., 2005; Rietema, 
1991; Tsukada et al., 2004). Mixing gluten and starch together resulted in 
an initial decrease and then an increase of the DDA. This is not completely in 
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Figure 22. A) Degree of de-agglomeration (DDA) of gluten-starch mixtures as function of 
dispersion pressure and B) DDA at 10 kPa as a function of gluten content in the mixture. 
The line is drawn to guide the eye. The error bars indicate the absolute deviation.
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Figure 23. Scanning electron microscope (SEM) images of A) a 6:4 gluten-starch mixture, 
B) positively charged fraction (PF) from the 6:4 gluten-starch mixture and C) negatively 
charge fraction (NF) from the 6:4 gluten-starch mixture. Arrows indicate the agglomerates 
formed by starch (S) and gluten (G).
The protein concentrations of the positively charged fraction is plotted as a 
function of the initial protein content in Figure 21-B. Protein was enriched in the 
positively charged fraction for all the mixtures. However, for most mixtures the 
protein enrichment did not reach the predicted value. This again may be due 
to particle-particle interactions and as a result of agglomeration of oppositely 
charged particles (Gupta et al., 1993; Schönert et al., 1996). After agglomeration, 
agreement with the findings of Dijkink et al. (2007) that the dispersibility of 
wheat starch-protein mixture increases with increasing protein content because 
of the better dispersibility of wheat protein. Our finding can be explained by the 
change in the attractive electrostatic forces between gluten particles and starch 
granules, and subsequent formation of agglomerates. Because both gluten and 
starch have considerably low moisture content and are probably further dried out 
by the dry carrier nitrogen gas, the main attractive force between the powders 
should be electrostatic forces and van der Waals forces (Lam and Newton, 1992). 
According to Horn and Smith (1992), the attractive forces between dissimilar 
surfaces caused by electrostatic charging can be two orders of magnitude larger 
than the van der Waals forces. With SEM pictures we observed agglomerates of 
gluten particles and starch granules (Figure 23-A). The more gluten was added 
to the mixture, the more agglomerates are formed and as a result the lower the 
dispersibility is. Only when the gluten is the predominant type of particle in the 
mixture, the dispersibility of the mixture is determined by the dispersibility of 
gluten and increased with further increase of the gluten content. 
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the net charge on the particle cluster is partly neutralized. An agglomerate rich 
in gluten will have a slight positive charge and one rich in starch will have a slight 
negative charge. As a result the agglomerates may move to either electrode 
(Figure 23-B and C), depending on their composition, which results in a poor 
separation. The attractive electrostatic force between the oppositely charged 
particles is so strong that the agglomerates will not break easily by the electric 
field or by subsequent collisions (Gupta et al., 1993). The low protein enrichment 
for mixtures with low initial protein content (1:9 and 2:8) can be explained in 
this way. Only at higher gluten contents, the clusters will become positively 
charged, and thus predominantly end up in the positively charged fraction. The 
protein enrichment for mixtures with high gluten to starch ratio (8:2 and 9:1) 
was almost zero, since the initial protein content of the mixture was already close 
to the maximum, and not much further enrichment can be obtained. Concluding, 
to achieve a good separation, the mixture should exhibit high dispersibility and 
sufficient charging of the individual species should be achieved. 
The influence of operating conditions on the separation of gluten-
starch mixture
Since the particle-particle interactions are expected to play an important 
role in both the charging and the separation of gluten-starch mixture, 
operating conditions that can reduce agglomeration or counteract the effect of 
agglomeration are expected to improve the separation. Therefore, influences of 
particle concentration, gas glow rate, electric field strength and distance between 
the electrodes on the separation behaviour of a 1:1 gluten-starch mixture were 
studied. For all the experiments the specific charge of the mixture was online 
measured.
Particle concentration 
Similarly to the single-material system, the specific charge of the mixture 
decreases strongly with increasing particle concentration (Figure 24-A) due to 
the decreased possibility of particle-wall collision. Similar influence was also 
observed for mixtures of different minerals (Ban et al., 1997; Cangialosi et al., 
2008; Li et al., 1999).
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Figure 24. Specific charge of 1:1 mixture as a function of A) particle concentration in the 
charging slit and B) gas flow rate. Error bars indicate the absolute deviation.
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With a gas flow rate of 10 L/min, an applied voltage of 15kV and a distance 
between the electrodes of 10cm, four powder dosing rates (0.5 kg/h, 1 kg/h, 
1.5 kg/h and 2.5 kg/h) were applied. Both the yield and protein separation 
efficiency of the positively charged fraction (PF) decreased with increasing 
powder dosing rate (Figure 25-A and E). This may be explained by the net result 
of a decreasing specific charge and an increasing space charge effect in the 
electric field (Cangialosi et al., 2008). 
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The space charge effect is the shielding effect caused by charged particles. When 
charged particles approach the electrode with an opposite charge, the charge on 
the electrode is shielded by the charge on the particles and as a result the electric 
field strength is reduced. As a consequence, the electrostatic force sensed by the 
particles will be lower (Cangialosi et al., 2008). In our case, starch particles take 
more charge than gluten particles, and therefore starch particles have a larger 
influence on the space charge (Li et al., 1999). As a consequence, the gluten 
particles will experience a lower electrostatic force, resulting in a lower yield and 
separation efficiency. 
Gas flow rate
Gas flow rate had a similar impact on the specific charge of mixtures as on single 
materials (Figure 24-B). Higher gas flow rate results in a higher impact velocity 
and turbulence when it is higher than 20 L/min (Reynolds number ~2100), and 
therefore a higher specific charge.
Because the decrease in specific charge caused by high particle concentration can 
be compensated by increasing the gas flow rate, higher gas flow rate is expected 
to improve the yield and protein separation efficiency as well. Figure 25-F shows 
that the separation efficiency of protein does increase with increasing gas flow 
rate from 10 L/min to 30 L/min while the particle concentration was kept constant 
at 0.12 v/v% by adjusting the powder dosing rate accordingly, applied voltage 
was kept at 15 kV and the distance between electrodes were kept at 10 cm. In 
addition to the positive influence on the specific charge of particles, a higher gas 
flow also results in a shorter residence time of particles in both charging slit and 
electric field, which may reduce the degree of agglomeration and the influence 
of space charge (Cangialosi et al., 2008). 
A higher gas flow rate also results in a larger loss (Figure 25-B). This was caused 
by the circulation of gas in the separation chamber when the flow is high, which 
distributed fine particles across the separation chamber resulting in more loss. 
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Figure 25. Separation of a 1:1 gluten-starch mixture: yield of positively charged fraction 
(PF), negatively charged fraction (NF) and loss fraction (Loss) as function of A) particle 
concentration, B) gas flow rate, C) electric field strength and D) distance between two 
electrodes; protein separation efficiency of positively charged fraction (PF) as function 
of E) particle concentration, F) gas flow rate, G) electric field strength and H) distance 
between two electrodes. The error bars indicate the absolute deviation.
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Electric field strength
Electric field strength was varied between 100 – 250 kV/m by changing the 
applied voltage to the electrode between 10 – 25 kV while keeping the distance 
between the electrodes at 10cm. The powder dosing rate and gas flow rate were 
also kept constant at 2.5 kg/h and 10 L/min, respectively. An increase in the 
electric field strength gives a higher yield and higher protein separation efficiency 
(Figure 25-C and G). This indicates that at lower electric field strengths, not all 
particles can be captured by the field.
Distance between electrodes
Calin et al. (2008) mentioned in their study that charged particles which collide 
with the electrode may bounce back and end up in the “wrong” fraction. 
Furthermore, Cangialosi et al. (2008) found that charged particles that are 
deposited on the electrode might exchange charge with the electrode, become 
oppositely charged, and rebound to the other electrode. Therefore, with the 
same electric field strength, more distance between the two electrodes is 
expected to positively influence the separation of the mixture because it allows 
more particles to fall into the collector without contacting the electrode. To test 
this hypothesis, separation of a 1:1 mixture was done with the distance varied 
from 10 to 25 cm while the powder dosing rate, gas flow rate and electric field 
were fixed at 2.5 kg/h, 10 L/min and 1 kV/cm, respectively. However, in contrast 
to the hypothesis, both yield and separation efficiency of the positively charged 
fraction decreased with increasing distance between electrodes (Figure 25-D 
and H). This may be explained by the reduced gas flow between the electrodes, 
which resulted in a longer residence time of particles in the electric field. As 
a consequence, the chance for agglomeration and the effect of space charge 
increased, which negatively influences the separation.
To summarize, lower powder dosing rate, higher gas flow rate, higher voltage on 
electrode and shorter distance between two electrodes enhanced separation of 
the 1:1 gluten to starch mixture.
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Conclusions
A custom-built electrostatic separator was used to investigate the influence of 
various parameters on electrostatic separation of gluten and starch particles. 
Results showed that the specific charge of both gluten and starch increased 
with decreasing particle concentration in the charging slit and with increasing 
gas flow rate. To a certain degree, the loss of specific charge with increasing 
concentration can be compensated for by using a larger gas flow rate. 
The net charge of gluten-starch mixtures is not simply a sum of the charge of 
the two individual components, indicating that particle-particle interactions play 
an important role during the charging of the mixture. The yield of the positively 
charged fraction increased with the initial protein content. For all the mixtures, 
protein was enriched in the positively charged fraction, but the enrichment was 
not as high as predicted. We hypothesize that the poorer separation is due to the 
formation of agglomerates between positively and negatively charged particles. 
This was supported by the fact that the dispersibility for mixtures of the two 
components was lower compared to the individual components. 
During electrostatic separation of a mixture, it is important to find the optimal 
condition that charges the particles sufficiently, but avoids the agglomeration 
between oppositely charged particles, and reduces the space charge effect. This 
can be achieved by a combination of lower dosing rate, higher gas flow rate and 
higher electric field strength. However, it is important to realize that a lower 
dosing rate and higher gas flow rate will result in low throughput and high costs 
for the gas flow, while high electric field strength may result in electric discharge 
between the electrodes and has to be avoided at all times.  
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Abstract
Lupine seeds are an excellent source of plant protein. We here report on dry 
fractionation by combining milling and electrostatic separation providing an 
alternative to wet extraction of protein from lupine seeds. Relatively coarse 
milling was preferred as this provides sufficient detached protein bodies with 
less agglomeration of particles. After a single separation step a fraction with a 
protein content 57.3 % dry matter basis was obtained. After three successive 
steps protein content was increased further to 65.0 % dry matter basis. By extra 
milling and recycling the fractions with comparable protein content as the flour, 
yield was improved without compromising protein content. A final fraction with 
a protein content 65.1 % dry matter basis and yield of 6% was obtained, which 
means 10% of protein in the flour was recovered. Based on our findings an 
optimized scheme for protein enrichment from lupine seeds by combining milling 
and electrostatic separation is proposed.
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Introduction
The quickly growing world population requires a rapid increase in the production 
of protein-rich foods (Bruinsma, 2009). The production of animal protein is 
intensive in the use of resources, such as land, water, nutrients and especially 
valuable plant proteins (Aiking, 2011). Including those plant proteins directly in 
the human diet would be more sustainable. Lupine recently has gained attention 
as a ‘novel’ plant protein ingredient source for foods because of its high protein 
content in seeds (38 – 40 g/100 g dry seeds) (Hove, 1974; Lqari et al., 2002) 
and its ability to grow in temperate climates and different soil types (Maxted et 
al., 2001). With these characteristics, lupine represents a significant alternative 
to soybean. Therefore, lupine protein has been investigated for its emulsifying, 
foaming and gelling properties etc. (Berghout et al., 2015a; Berghout et al., 
2015c; Lqari et al., 2002; Pelgrom et al., 2014; Pollard et al., 2002; Pozani et 
al., 2002) and has been explored as additive to food/feed products, e.g. baking 
product, processed meat product and fish meal (Alamanou et al., 1996; Dervas 
et al., 1999; Draganovic et al., 2014; Drakos et al., 2007; Papavergou et al., 
1999).
 
Protein exists in lupine seeds mostly in the form of protein bodies (Figure 26). 
The protein bodies have sizes between 5 and 25 µm (Le Gal and Rey, 1986), with 
a protein content of 73 g/100 g protein bodies (Plant and Moore, 1983). Other 
main cellular components in lupine seeds are carbohydrates including fibre and 
soluble sugars (43 – 48 g/100 g dry seeds) and lipids (7 – 10 g/100 g dry seeds) 
(Lqari et al., 2002; Sujak et al., 2006). Conventional extraction of protein from 
seeds involves large quantities of organic solvent and water to remove the lipids 
and soluble carbohydrates (Alamanou and Doxastakis, 1995; Jayasena et al., 
2011). Furthermore, the drying step afterwards is energy intensive. Aqueous 
fractionation that skips the defatting step was proven to be a more sustainable 
method (Berghout et al., 2014; Berghout et al., 2015b; Jung, 2009), but still 
cannot avoid the large consumption of water and energy because a drying step 
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is still needed. Alternatively, dry fractionation by combining proper milling and 
air classification consumes no water and hardly any energy and has resulted 
in functional protein enriched fractions (Pelgrom et al., 2014; Schutyser et al.; 
Schutyser and van der Goot, 2011). 
Figure 26. Scanning electron microscope (SEM) image of a section of lupine seed. Arrows 
indicate the protein bodies (PB).
A disadvantage of dry fractionation is the low purity obtained, compared to wet 
fractionation. By applying milling and air classification to lupine seeds, the protein 
content in the fine fraction could reach a maximum 59 % dry matter basis, with 
a yield of 6 – 10% (Pelgrom et al., 2014). The main cause for this low purity 
was the presence of fine fibre fragments in the fine fraction (Pelgrom et al., 
2014). Intensive milling not only opens the cellular structure and detaches the 
protein bodies from other cellular components, but also breaks fibre fragments 
to smaller sizes. Because air classification is based on particle size and density, 
these fine fibre fragments then accumulate in the fine fraction and reduce the 
overall protein content. Therefore, to improve the purity and yield of protein 
enriched fraction obtained by dry fractionation, a separation process based on a 
different driving force is needed. 
Recently, electrostatic separation based on triboelectric charging and subsequent 
separation of particles in an electric field was explored as an alternative to dry 
separate food materials (Brouns et al., 2012; Chen et al., 2014b; Hemery et 
al., 2011; Pelgrom et al., 2015a; Sibakov et al., 2014; Stone and Minifie, 1988; 
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Wang et al., 2015b). Due to their different tribo-electrostatic properties, different 
materials such as protein and fibre, charge either positively or negatively when 
sliding along a surface made of another material. Pelgrom et al. (2015a) applied 
electrostatic separation as a post-treatment to further increase the protein 
content of the fractions obtained by air classification. It was observed that 
electrostatic separation could deliver lupine protein enriched fractions (protein 
concentration of ~59 % dry matter basis) not only from the fine fraction, but 
also directly from the coarse fraction and whole flour. 
Pelgrom et al. (2015a) carried out an explorative study on a lab-scale 
electrostatic separator described by Wang et al. (2015b), but the influence of 
milling conditions on the separation performance was not considered. Proper 
milling is crucial to obtain good separation, because the cellular components 
need to be disassociated from each other and the particles need to be small 
enough to take sufficient charge, but at the same time the particles may not be 
too small to avoid risk of agglomeration of the particles (Lam and Newton, 1992; 
Wang et al., 2015a). Moreover, milling also exposes the lipids, which promotes 
the agglomeration by liquid bridging between particles (Pelgrom et al., 2014). 
Therefore, the current study aims to produce protein enriched fractions from 
lupine using a custom-built bench-scale electrostatic separator that allows 
better defined experiments (Wang et al., 2015a). Lupine flours with different 
particle size distributions obtained by impact milling were used to investigate the 
influence of milling conditions on electrostatic separation. After establishing the 
optimal milling conditions, a single-step electrostatic separation was carried out 
with different carrier gas flow rates. Subsequently, multiple-step electrostatic 
separations were explored based on the optimal conditions from the single-step 
process to further increase protein enrichment. Furthermore, methods that could 
increase both the purity and yield were tested to fully optimize the separation. 
Finally, an optimised scheme is proposed for lupine by electrostatic separation.
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Materials and methods
Preparation of lupine flour
Dry lupine seeds, Lupinus angustifolius L., were purchased from L.I. Frank 
(Twello, The Netherlands). To obtain lupine flour, the seeds were first pre-milled 
with a pin mill (LV 15M, Condux-Werk, Wolfgang bei Hanau, Germany). The grits 
were then further milled to flour with a ZPS50 impact mill (Hosokawa- Alpine, 
Augsburg, Germany). The air flow was 80 m3/h and the impact mill speed was 
fixed at 8000 rpm. The classifier wheel speed was 2500, 4000, 6000 or 8000 rpm 
to obtain flours with different particle size distributions. The moisture content of 
the flours was in the range of 8 – 10 %, a range of values assumed to provide 
no difference in charging behaviour (Wang et al., 2014). Therefore, the flours 
were used directly for electrostatic separation without further drying. All flours 
and fractions were stored at -20 °C in sealed containers. 
Electrostatic separation
The electrostatic separation experiments were carried out with a custom-built 
separator described previously in large detail (Wang et al., 2015a). For each 
single-step electrostatic separation experiment, ~25 g of lupine flour was dosed 
by the screw feeder into the system with a dosing rate of 1.25 kg/h. The flow 
rate of the carrier nitrogen gas was set at 10, 20 or 30 L/min. The electric 
field strength applied was kept at 200 kV/m by applying a voltage of 20 kV to 
the positive electrode and keeping the distance between the electrodes at 10 
cm. From each experiment four fractions were obtained: one from the ground 
electrode, labelled ‘GE’, one from the positive electrode labelled ‘PE’, one from 
the collecting filter bag below the ground electrode labelled ‘GC’ and one from 
the collecting filter bag below the positive electrode labelled ‘PC’. According to 
the study of Pelgrom et al. (2015a), lupine protein takes positive charge and will 
be deflected towards the ground electrode. Therefore the fractions GE and GC 
are expected to be protein enriched. 
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For multiple-step electrostatic separation experiments (Figure 27), ~ 400 g 
of lupine flour was used for each experiment. The other parameters were set 
according to the optimal settings established during the single-step experiments. 
After the first electrostatic separation step, the fraction GE (relabelled as ‘GE1’) 
was subject to another electrostatic separation and again resulted in four 
fractions: GE2, PE2, GC2 and PC2. Then a third electrostatic separation was 
carried out with the fraction GE2 and yielded another four fractions: GE3, PE3, 
GC3 and PC3. Depending on the amount of fraction GE3 and its purity, more 
steps of electrostatic separation could be done yielding four fractions from each 
step. All fractions were analysed on yield and protein content.
Figure 27. Scheme of multiple-step electrostatic separation. ‘GE’, ‘GC’, ‘PC’ and ‘PE’ are the 
fractions from the ground electrode, the filter bag below the ground electrode, the filter 
bag below the positive electrode and the positive electrode, respectively. The number 
indicates from which step the fractions are obtained.
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separation
2nd Electrostatic 
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3rd Electrostatic 
separation
GE1
GE2
GE3
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PC1
PC2
PC3
PE1
PE2
PE3
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Particle size distribution
The particle size distributions of the samples were determined by laser diffraction 
using a Mastersizer 2000 in combination with the Scirocco 2000 dry dispersion unit 
(Malvern Instruments Worcestershire, UK). All measurements were performed in 
duplicate.
Protein content
The protein content was analysed with Dumas analysis (Nitrogen analyser, 
FlashEA 1112 series, Thermo Scientific, Interscience). A conversion factor of N 
× 6.25 was used (El-Adawy et al., 2001). All measurements were performed in 
duplicate.
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Results and discussion
Influence of milling condition on electrostatic separation
To investigate the influence of milling conditions on electrostatic separation, the 
classifier wheel speed was varied (2500, 4000, 6000 and 8000 rpm) during 
impact milling while keeping the air flow and mill speed constant at 80 m3/h 
and 8000 rpm, respectively. Subsequently, the obtained flours were subjected 
to electrostatic separation with a dosing rate of 1.25 kg/h, a gas flow rate of 10 
L/min, an applied voltage of 20 kV and a distance of 10 cm between the two 
electrodes. For the analysis on yield and protein content, fractions GE and GC, PE 
and PC were combined, respectively, as a positively charged fraction (GE+GC) 
and a negatively charged fraction (PE+PC) according to the method described 
in our previous study (Wang et al., 2015a). The positively charged fraction was 
expected to be protein enriched (Pelgrom et al., 2015a).
The particle size of the milled flour decreased with increasing classifier wheel 
speed (Figure 28). This is because at a constant air flow, a higher classifier 
wheel speed will increase the residence time of particles in the mill and lead to 
more extensive milling of the particles (Pelgrom et al., 2014). All the four flours 
contained a reasonable amount of particles smaller than 25 µm, especially the 
one milled at 8000 rpm (D0.9 = 23.6 ± 4.2 µm), which indicates the existing of 
detached protein bodies (5 – 25 µm). The yields of all flours were lower than 
100% (Table 3), and decreased with increasing classifier wheel speed due to 
more fouling (loss of material) on the inner walls of the mill caused by the 
smaller particle size and the more exposed lipid (Pelgrom et al., 2014). The 
protein content of the flour milled at 8000 rpm was higher than the other flours 
(Table 3). At this speed, all the particles including fibre-rich ones were milled 
down to very small sizes, which resulted in more fibre-rich particles lost in the 
mill (fouling) compared to other flours.
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Figure 28. Particle size distribution of lupine flours milled at various classifier wheel 
speeds.
Table 3. Yield and protein content of the flours milled at different classifier wheel speeds 
and their fractions obtained by electrostatic separation. 
Mean value ± absolute deviation (n=2)
After electrostatic separation, similar protein enrichment (~7%) in the positively 
charge fraction (GE+GC) was found for the flours milled at 2500, 4000 and 
6000 rpm, whereas no enrichment was found for the flour milled at 8000 rpm 
(Table 3). This is counterintuitive, because the more intensive milling would be 
expected to promote the electrostatic separation by breaking the cell structure 
more completely and releasing more protein bodies. However, the finer particles 
and more exposed lipids obtained by the intensive milling lead to extensive 
agglomeration of the primary particles and thus yield poor separation (Lam and 
Classifier wheel 
speed during 
milling
(rpm)
2500
4000
6000
8000
90.5 ± 3.5
72.1 ± 4.2
68.4 ± 3.0
52.1 ± 2.2
40.5 ± 0.3
42.0 ± 0.9
43.0 ± 2.1
55.5 ± 0.9
43.5 ± 1.6
44.8 ± 0.8
46.0 ± 1.0
54.6 ± 1.0
34.8 ± 1.2
38.0 ± 2.8
35.3 ± 0.6
53.2 ± 1.2
62.0 ± 1.4
60.6 ± 3.4
60.7 ± 0.2
69.1 ± 2.9
Milling Yield
(g/100 g grits)
Protein content 
flour
(g/100 g dry 
solids)
Protein content 
GE+GC
(g/100 g dry 
solids)
Protein content 
PE+PC
(g/100 g dry 
solids)
Yield
GE+GC
(g/100 g flour)
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Newton, 1992; Pelgrom et al., 2014; Wang et al., 2015a). Therefore, instead of 
more intensive milling, an optimal milling that balances the dissociation of cellular 
components and the avoidance of agglomerates is required for a successful 
electrostatic separation.
Although the protein enrichments were similar for the three flours that were 
milled less intensively, classifier wheel speed at 2500 rpm had the highest milling 
yield and thereby the least overall loss of the whole process. Furthermore, less 
intensive milling consumes less energy. Therefore, 2500 rpm was determined as 
the optimal classifier wheel speed and the flour milled under this condition was 
used for all the following experiments. 
The enrichment of protein was found less than observed on lab-scale by Pelgrom 
et al. (43.5 % compared to 59 % dry matter basis) (Pelgrom et al., 2015a). This 
may be caused by the different collecting methods. Pelgrom et al. collected only 
the samples deposited on the electrode, whereas in the work reported here, the 
samples were collected from the electrodes and the filter bags and combined 
into one fraction. The fraction from the ground electrode (GE) is considered most 
enriched in protein, because particles with higher protein content take more 
positive charge and thus experience a stronger electrostatic force towards the 
electrode (Hemery et al., 2011; Wang et al., 2015a). Particles with somewhat 
lower protein content, especially larger composite particles, will end up in the 
filter bag below the electrode, which results in a lower protein enrichment of 
the fraction in the filter bag than that collected from the electrode. Therefore, 
for following single-step electrostatic separation experiments, fractions collected 
from the electrodes and filter bags were analysed individually.
Single-step electrostatic separation
During electrostatic separation, the gas flow rate is the most crucial factor, since 
it determines the charging of the particles, and the degree of agglomeration of 
the particles (Wang et al., 2015a). Therefore, three different carrier gas flow 
rates (10, 20 and 30 L/min) were assessed for electrostatic separation of lupine 
flour milled at 2500 rpm classifier wheel speed, while the other parameters were 
kept constant. 
Lupine protein enrichment by milling and electrostatic separation
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Table 4 shows that increasing the gas flow rate from 10 to 20 L/min resulted in 
an increase in the protein content of enriched fraction (GE) while the yield was 
similar. The protein content was now comparable with the finding of Pelgrom et 
al. (2015a) (57.3 % compared to 59 % dry matter basis), which confirms that the 
protein was mostly enriched in the fraction on the ground electrode. The fraction 
on the positive electrode was protein depleted while the two fractions from the 
filter bags had comparable protein content as the flour. Further increasing the 
gas flow to 30 L/min did not improve the enrichment. These results may be 
explained by the balance between formation and breakdown of agglomerates 
(Wang et al., 2015a). Higher gas flow rates lead to stronger charging of the 
particles (Wang et al., 2014) which results in stronger coulomb interactions 
between positively and negatively charged particles, and thus the formation of 
agglomerates. At the same time, the larger inertial forces that are associated 
with particles moving in a faster gas flow facilitates the de-agglomeration as well 
(Schönert et al., 1996). We hypothesize that equilibrium between the formation 
and breakdown of agglomerates was reached at 20 L/min.
Since 20 L/min and 30 L/min gas flow rates gave very similar enrichment, 20 L/
min was selected as the optimal gas flow and used for all following experiments.
Table 4. Yield and protein content of the fractions obtained by electrostatic separation at 
varying carrier gas flow rate. The lupine flour was milled at classifier wheel speed 2500 
rpm
Mean value ± absolute deviation (n=2)
Carrier gas 
flow rate
(L/min)
Protein 
content GE
(g/100 g dry 
solids)
Protein 
content PE
(g/100 g dry 
solids)
Protein 
content GC
(g/100 g dry 
solids)
Protein 
content PC
(g/100 g dry 
solids)
Yield
GE
(g/100 g 
flour)
Yield
PE
(g/100 g 
flour)
10
20
30
50.7 ± 3.1
57.3 ± 3.4
57.2 ± 2.0
37.1 ± 0.4
34.1 ± 0.9
34.4 ± 1.4
41.5 ± 1.6
40.5 ± 0.8
42.6 ± 1.0
38.6 ± 2.2
40.0 ± 2.8
38.9 ± 0.6
13.6 ± 4.2
13.6 ± 2.3
14.2 ± 2.5
17.1 ± 5.0
30.7 ± 4.3
30.0 ± 5.3
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Multiple-step electrostatic separation
Three-step electrostatic separation 
A three-step electrostatic separation was carried out with the optimal setting as 
identified from the single-step electrostatic separation experiments, to further 
increase the protein enrichment. Because of the relatively low yield of the protein 
enriched fraction (GE) from single-step separation, more flour (~ 400 g) was 
used for the experiment.
After three electrostatic separation steps the protein content was found to 
increase from 51.4 to 65.0 g/100 g solids (Figure 29–A), which is 15% more than 
with air classification. The enrichment of protein from the first step was lower 
compared to the single-step experiment (51.4 compared to 57.3 g/100 g solids 
in the enriched fraction). This is caused by the different amount of flour used for 
each experiment. Much more flour was used as starting material for the multiple-
step experiment than the single-step one. Although the experiment was paused 
a number of times to allow collection of samples from the electrodes, generally 
the multiple-step experiment ran for longer time and more powder deposited on 
the electrodes. The coverage of the electrode by the samples negatively affects 
the electric field strength by shielding (Cangialosi et al., 2008), which explains 
that in this case the first step of the multiple-step separation was less efficient 
than a single-step separation. 
A B
Pr
ot
ei
n 
co
nt
en
t 
(g
/1
00
 
g 
dr
y 
so
lid
s)
Yi
el
d 
(g
/1
00
 g
 fl
ou
r)
0 0
10
5
10
20
20
25
15
30
40
50
60
70
GE1 GE1GE2 GE2GE3 GE3
Figure 29. A) Protein content and B) yield of the protein enriched fractions GE1, GE2 and 
GE3 obtained from the 1st, 2nd and 3rd electrostatic separation of lupine flour. The error bars 
indicate the absolute deviation.
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The increase in protein content was accompanied by a large decrease in the yield 
(Figure 29–B). Recycling of the unused fractions in the filter bags (GC and PC) 
was therefore explored to improve the yield. 
Yield improvement by recycling the fractions in filter bags
To improve the yield of protein enriched fraction from each electrostatic 
separation step, the fractions from the filter bags (GC and PC) were combined 
as one fraction and returned to the feeder. Four recycling passes were done for 
the first electrostatic separation which yielded four protein enriched fractions 
from each recycling: GE1-R1, GE1-R2, GE1-R3 and GE1-R4. As shown in Figure 
30–A, the yield was almost doubled after four recycling passes. However, the 
protein content slightly decreased with more passes (Figure 30–B). This could be 
described by a simple model assuming that a fraction (F) of the protein in lupine 
flour will never be recovered in the enriched fraction (e.g., because it is attached 
to particles that consist mainly of other components), and per recycle pass a 
certain fraction (f) of the protein will be extracted. Therefore, after n passes the 
protein recovery (Pn) defined as the fraction protein recovered from the starting 
material is calculated by Eq. 8.
Pn = 1 - ( F + ( 1 - F ) ( 1 - f )
n )      (Eq. 8)
Figure 30. A) Yield and B) protein content of the protein enriched fractions GE1-R1, 
GE1-R2, GE1-R3 and GE1-R4 obtained from the 1st electrostatic separation of lupine flour 
with 1, 2, 3, and 4 times recycling of the fractions from filter bags (GC+PC). The error bars 
indicate the absolute deviation.
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Figure 31 shows that the model fits the experimental data well with parameter 
values F=0.41 and f=0.40. The protein recovery is not linearly related to the 
recycling pass number, therefore with increase in the yield there is always a 
decrease in purity.
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Figure 31. Fitting of Eq. 8 to experimental data of protein recovery of the first electrostatic 
separation step with four recycling passes.
Similar results were also found for following steps with recycling. Because of the 
improved yield from each step, the effect of more steps was explored. After five 
separation steps, the protein content of the enriched fraction reached 65.0 % 
dry matter basis, but again with a very low yield.
To illustrate the trade-off between the yield and the protein content of the enriched 
fraction for all separation steps, the yield was plotted as a function of the protein 
content for all the enriched fractions obtained by the multiple-step experiments 
(Figure 32). All the data points from the three-step electrostatic separation and 
the five-step electrostatic separation with recycling combine into one curve. We 
expect that this is because there is a distribution of particles having different 
compositions. The particles that have the most protein are isolated first since 
they will charge the most. Those particles having less protein will charge less, 
and will be only collected in the next recycles.
This hypothesis implies that the current process has reached its limit to separate 
protein from other lupine cellular components. Without changing the material 
properties or milling procedure, e.g. breaking the cell structure more and releasing 
Lupine protein enrichment by milling and electrostatic separation
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more detached protein bodies, an increase in the yield will be accompanied by a 
decrease in the protein content and vice versa.
Figure 32. Relation between the yield and protein content of the protein enriched fraction by 
electrostatic separation. The lines are to guide the eye. The error bars indicate the absolute 
deviation. The uninterrupted curve represents the single- and multistep separations; the 
interrupted curve represents the performance with re-milling of the fractions collected in 
the filter bags. 
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Re-milling on the fractions in filter bags to improve both yield and purity
The hypothesis formulated above implies that re-milling of the fractions collected 
in the filter bags may improve the subsequent separation, if we can fracture 
particles into smaller ones that contain different amounts of protein, by this re-
milling. In previous section we showed that direct fine milling did not result in 
good separation due to agglomeration of small particles. However most of fine 
particles were already extracted by the first pass, and thus we expected less 
problem in agglomeration when re-milling the fraction in filter bags.
Therefore, the fraction from the filter bags was milled at a classifier wheel speed 
of 4000 rpm to break the larger composite particles and release more detached 
protein bodies. The D0.5 of the fraction was reduced from 126 ± 5.0 µm to 15.6 ± 
0.4 µm. Similar as for the original flour a significant loss (~35 g/100 g fraction) 
occurred during the intensive milling, which was included in the calculation of 
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the overall fraction yield. Moreover, to reduce the shielding effect by the particles 
deposited on the electrodes, the experiment was paused more frequently to 
remove the particles from the electrodes. 
After the first electrostatic separation, with one time re-milling and recycling, 
the yield of the protein enriched fraction was almost doubled (23.6 compared to 
13.6 g/100 g flour) while the protein content was maintained around 57.3 % dry 
matter basis. In Figure 32, we see that the performance coincides with a curve 
(‘After re-milling’) that is substantially shifted to higher yields and purities. After 
a second electrostatic separation, a fraction with a protein content of 65.1 % dry 
matter basis and yield of 6 g/100 g flour was obtained. This means a recovery of 
10% protein in lupine flours. 
Compared to milling the whole lupine flour directly at a higher intensity, the 
step-wise milling and electrostatic separation is also less energy intensive and 
has less overall loss due to the smaller amount of material subjected to the more 
intensive milling. 
Proposed scheme for protein enrichment from lupine seeds by 
milling and electrostatic separation
Based on all above results, we propose a scheme of protein enrichment from 
lupine seeds by combining milling and electrostatic separation (Figure 33). The 
lupine seeds are first milled down, to such size that enough protein bodies are 
detached from other cellular components, while the particles are not too fine to 
induce too much agglomeration. Subsequently, the flour is separated into three 
fractions. The fraction deposited on the ground electrode (GE) is enriched in 
protein while the fraction on the positive electrode (PE) is protein depleted. All 
flour that is not collected on the electrodes is now combined as one fraction (FB) 
and re-milled and recycled. 
Then the protein enriched fraction from the first step can be used to carry out 
one or more subsequent electrostatic separation steps, optionally combined with 
re-milling and recycling as well, depending on the required protein content and 
yield of the final fraction. 
Lupine protein enrichment by milling and electrostatic separation
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Figure 33. The proposed scheme for protein enrichment from lupine seeds by combined 
milling and electrostatic separation. ‘GE’, ‘PE’ and ‘FB’ are the fractions from the ground 
electrode, the positive electrode and the filter bags, respectively. The number indicates 
from which step the fractions are obtained.
Lupine seeds
Lupine flour
Pre-milling & 
Impact milling
Impact milling
Impact milling
1st Electrostatic 
separation
2nd Electrostatic 
separation
nth Electrostatic 
separation
GE1
GE2
GEn
FB1
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Conclusions
Dry concentration of lupine protein was achieved using milling and subsequent 
electrostatic separation. Proper milling of the lupine flour was found to be 
essential for successful protein enrichment by electrostatic separation. Instead 
of more intensive milling, a relatively coarse milling step provides better 
electrostatic separation by releasing sufficient detached protein bodies, while 
avoiding excessive agglomeration. Protein was enriched in the fraction deposited 
on the ground electrode, while the fraction on the positive electrode was protein 
depleted. The two fractions collected in the filter bags were comparable to 
the flour in protein content. With optimal settings of single-step electrostatic 
separation, a fraction with protein content of 57.3 % dry matter basis could be 
obtained. 
The protein content could be further increased by applying a multiple-step 
electrostatic separation process. After three separation steps, a fraction with 
protein content of 65.0 % dry matter basis was obtained, which is 15% better 
than obtained by air classification. The yield of the protein enriched fraction 
was further increased by recycling the fractions from the filter bags, but this 
was accompanied by a decrease in protein content and vice versa. The yields 
and purities were shown to follow a single master curve. A significant shift 
towards better yield and purities was achieved by re-milling the flour that was 
not collected on the electrodes. A final fraction with a protein content of 65.1 % 
dry matter basis and a yield of 6 g/100 g flour was obtained, which recovered 
10% of the protein in the flour.
Based on the results for milling, single-step and multiple-step electrostatic 
separation, a process scheme for protein enrichment from lupine seeds is 
proposed by combining milling and electrostatic separation, which can provide 
both high purities and yields for lupine protein concentrates.
Lupine protein enrichment by milling and electrostatic separation
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Abstract
Rice bran is a plentiful, nutritious and under-valued co-product from rice finishing. 
Defatted rice bran is an excellent source of dietary fibre. The mostly used lab-
scale method to extract dietary fibre is not very efficient; dry fractionation is 
a more energy efficient alternative at larger scales. Three separation routes 
were studied: two-step electrostatic separation, sieving and a combination of 
electrostatic separation and sieving. All yielded fibre-enriched fractions with 
similar yield (20 – 21 % of the rice bran flour) and purity (67 – 68 % dry matter 
basis), which recovered 42 – 48% of the fibre from the original rice bran flour. 
The enriched fractions obtained by a two-step electrostatic separation process 
contained more small particles compared to the other two, which resulted in 
different hydration properties and oil binding capacity. Compared to the total 
dietary fibre extracted by the enzymatic-gravimetric method, the enriched 
fractions by dry fractionation have a similar water retention capacity and oil bind 
capacity. This suggests that the fibre-enriched fractions by dry fractionation can 
be applied in foods and provide similar technological properties and physiological 
effects as the wet-extracted dietary fibre does.
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Introduction
Rice is a staple food for more than half of the world’s population (Childs, 2004). 
The annual global production of paddy rice in 2013 was 740.9 million metric tons 
(FAOSTAT, 2015). The bulk of the rice is consumed as white rice (Childs, 2004), 
yielding annually approx. 60 million metric tons of rice bran as a co-product from 
rice milling, of which the major part is underutilized as animal feed or discarded 
directly (Orthoefer and Eastman, 2004).
Rice bran consists of several layers, i.e. the pericarp, testa (seed coat), nucellus 
and aleurone layers. During rice milling, a small portion of the starchy endosperm 
may also end up in the bran fraction (Shibuya and Iwasaki, 1985). Rice bran 
contains a relatively high amount of oil (17.4 – 22.9 g / 100 g dry bran), protein 
(14.0 – 18.1 g / 100 g dry bran) and dietary fibre (27.0 g / 100 g dry bran) 
(Abdul-Hamid and Luan, 2000; Chinma et al., 2015; Kahlon and Chow, 2000; 
Orthoefer and Eastman, 2004). Furthermore, it is also rich in micronutrient, 
e.g. vitamins and trace minerals (Saunders, 1985). The primary product from 
rice bran is rice bran oil because of its high nutritional value (Friedman, 2013; 
Lakkakula et al., 2004; Orthoefer and Eastman, 2004). After oil extraction, the 
residual defatted rice bran can be further valorised for dietary fibre production 
(Abdul-Hamid and Luan, 2000; Daou and Zhang, 2011, 2014; Nandi and Ghosh, 
2015).
Dietary fibre from rice bran mainly contains cellulose, lignin and hemicellulose, 
of which the main part is insoluble (Chinma et al., 2015; Elleuch et al., 2011). 
Insoluble dietary fibres promote human health by supporting the growth of the 
intestinal microflora, increase the faecal bulk and decrease the intestinal transit 
(Foschia et al., 2013). Furthermore, the dietary fibre includes components such 
as ferulic acid, which exert beneficial health effects to the human intestine 
and provide antioxidant activity (Daou and Zhang, 2011; Mod et al., 1978; 
Vitaglione et al., 2008). Dietary fibre from rice bran has a very high water- and 
Dietary fibre enrichment from defatted rice bran by dry fractionation
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oil-absorption capacity (Abdul-Hamid and Luan, 2000; Daou and Zhang, 2014; 
Nandi and Ghosh, 2015), indicating its potential for preparing food products, 
e.g. gluten-free bread, pasta and meat product, to avoid syneresis and modify 
the food structure, and to stabilize high-fat food (Chinma et al., 2015; Choi et 
al., 2009; Elleuch et al., 2011; Hu et al., 2009; Kaur et al., 2012; Sairam et al., 
2011; Saunders, 1985). 
Currently an AOAC enzymatic-gravimetric method for analysing dietary fibre 
(Prosky et al., 1988) is most often applied with modification to extract dietary 
fibre from rice bran on smaller scales (Abdul-Hamid and Luan, 2000; Bunzel et 
al., 2003; Daou and Zhang, 2011; Nandi and Ghosh, 2015). The defatted rice 
bran is first digested with heat-stable α-amylase, protease and amyloglucosidase 
at 100 °C, 60 °C and 60 °C, respectively, to remove the starch and protein. Then 
four volumes of 95% ethanol are added to precipitate the soluble dietary fibre. 
After precipitation the mixture is filtered and the residue is washed and oven-
dried to obtain the total dietary fibre. 
This procedure is energy inefficient, generates solvent (ethanol) emissions and 
uses expensive enzymes, which makes it unsuitable for larger-scale production. 
In the present study, a dry fractionation process by combining milling and dry 
separation methods, e.g. sieving and electrostatic separation, is applied, which is 
more efficient in terms of water and energy consumption, and does not need any 
solvents. An additional benefit of the latter methods is that the native properties 
of the materials are retained (Pelgrom et al., 2013a; Schutyser and van der 
Goot, 2011). 
The combination of milling and electrostatic separation is effective to fractionate 
wheat bran and oat bran into fibre-rich and fibre-depleted fractions (Chen et 
al., 2014b; Hemery et al., 2011; Sibakov et al., 2014; Wang et al., 2015b). The 
separation is based on the histological structure of the bran. Different layers of 
the bran are dissociated from each other and broken down to small particles 
by milling. Then the particles are tribocharged by passing through a tube by 
entrainment in a gas. Because of the difference in composition, fragments 
from different layers obtain different charges which then enables subsequent 
separation under the influence of an external electric field (Wang et al., 2015b). 
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The pericarp that is fibre-rich was enriched in negatively charged fractions, 
whereas the other components, e.g. starch, protein and aleurone cells, were 
enriched in the positively charged fractions. Applying a different separation 
method, e.g. sieving or air classification, additional to electrostatic separation 
can further improve the enrichment (Sibakov et al., 2014; Wang et al., 2015b). 
Since rice bran has a similar histological structure as wheat and oat bran, a 
similar separation by dry fractionation is expected.
The aim of this study was therefore to investigate the possibility of enriching 
dietary fibre from defatted rice bran by dry fractionation. First we analysed 
the arabinoxylans content of hand-isolated bran layers to find the maximum 
theoretical purity can be reached by dry fractionation. Arabinoxylans were chosen 
to represent the dietary fibre because it is the main hemicellulose from rice bran 
(Mod et al., 1978; Shibuya and Iwasaki, 1985). We determined the relation 
between the arabinoxylans content and total dietary fibre content by analysing 
both contents for different samples obtained after fractionation. Two-step 
electrostatic separation, sieving and a combination of electrostatic separation 
and sieving were applied, respectively, to the finely milled defatted rice bran 
flour. Then the fibre-enriched fractions from different processes were compared 
for yield and purity. Finally, we analysed the functional properties, e.g. swelling 
capacity (SC), water retention capacity (WRC) and oil binding capacity (OBC), of 
the fibre-enriched fractions to explore the potential of the enriched fractions as 
ingredient for food preparation.
Dietary fibre enrichment from defatted rice bran by dry fractionation
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Materials and methods
Material
Brown rice (Oryza sativa L.) was purchased from Windkorenmolen De Vlijt (the 
Netherlands). 
Hand-isolation of pericarp, aleurone layer and starchy endosperm
After removing the germ and grain ends, the brown rice was soaked in water 
for 12 hours to reduce the adhesion between different layers. Then the grain 
was cut into two pieces by a razor-blade, and the pericarp and aleurone layer 
were peeled off gently by using a tweezer and a scalpel. Starchy endosperm was 
scraped off from the peeled part by a scalpel. The isolated tissues were defatted 
using acetone with a material to solvent ratio 1:8. After drying in an oven at 50 
°C, the tissues were analysed for arabinoxylans content.
Preparation of defatted rice bran flour (DRBF)
Crude rice bran was obtained by milling (pearling) the brown rice with a Grain 
Testing Mill (Satake, Japan). The germ and broken grains were removed by 
sieving the crude bran with an 800 μm sieve. The obtained rice bran was about 
10% of the brown rice weight. The rice bran was then defatted by using petroleum 
ether with a material-to-solvent ratio 1:6 for 24 hours to stabilize the bran. After 
defatting, the bran was milled using a pin mill (Hosokawa Alpine, type 100 UPZ, 
Augsburg, Germany) at ambient temperature at a speed of 22,000 rpm, air flow 
of 75 m3/h. The obtained defatted rice bran flour (DRBF) was stored in a -20 °C 
freezer until use.
112
Chapter 6
Separation of DRBF by electrostatic separation and sieving
Electrostatic separation of the defatted rice bran flour (DRBF) was done with a 
custom-designed bench-scale separator described in a previous study (Wang et 
al., 2015a), with the following settings: dosing rate of DRBF 2 kg/h, flow rate of 
the carrier nitrogen gas 20 L/min, the applied voltage to the positive electrode 
20 kV and the distance between the electrodes 10 cm. From each experiment 
four fractions were obtained: one from the ground electrode (GE), one from 
the positive electrode (PE), one from the collecting filter bag below the ground 
electrode (GC) and one from the collecting filter bag below the positive electrode 
(PC) (Figure 34). 
Figure 34. Scheme of dry separation of defatted rice bran flour (DRBF) by electrostatic 
separation and sieving. ‘GE’, ‘GC’, ‘PC’ and ‘PE’ are the fractions from the first-step 
electrostatic separation, from the ground electrode, the filter bag below the ground 
electrode, the filter bag below the positive electrode and the positive electrode, 
respectively. ‘PE-GE’, ‘PE-GC’, ‘PE-PC’ and ‘PE-PE’ are the fractions obtained from the 
second-step electrostatic separation from the ground electrode, the filter bag below the 
ground electrode, the filter bag below the positive electrode and the positive electrode, 
respectively. ‘C’ and ‘F’ are the coarse and fine fractions, respectively, from direct sieving 
of DRBF. ‘PEC-C’ and ‘PEC-F’ are the coarse and fine fractions, respectively, obtained by 
sieving the mixtures of PE and PC.
DRBF
C F GE
PEC-C PEC-F PE-GE PE-GC PE-PC PE-PE
GC PC PE
Sieving
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For two-step electrostatic separation, the fraction PE was subjected to a second 
separation step which yielded another four fractions (PE-GE, PE-GC, PE-PE and 
PE-PC). For the combination of electrostatic separation and sieving, fractions PE 
and PC were mixed and used for sieving, yielding a course fraction (PEC-C) and 
a fine fraction (PEC-F). Sieving was done using an air jet sieve (Alpine200 LS-N, 
Hosokawa-Alpine, Augsburg, Germany) with a 50 μm sieve at 4000 Pa for 2 min. 
Direct sieving of the DFRB yielded two fractions: coarse (C) and fine (F). The 50 
μm sieve was chosen based on the particle size distribution of the DRBF (Figure 
35). The two large and clear peaks indicate that the DFRB contains materials with 
different grinding behaviour, which is likely a result of their different biochemical 
compositions. 
Figure 35. Particle size distribution of defatted rice bran flour (DRBF).
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Biochemical analyses
The dry matter content was determined by drying 2 g in an oven at 105 °C 
overnight. The ash content was determined according to AACC method 08-12. 
The total starch content and total dietary fibre content were measured according 
to AACC method 76-13 and AOAC Method 991.43 (AACC, 2000), respectively, 
using Megazyme kits (Megazyme International Ireland Ltd., Ireland). The protein 
content was analysed using Dumas analysis (Nitrogen analyser, FlashEA 1112 
series, Thermo Scientific, Interscience) with a conversion factor of N × 5.95 
(Shih, 2004). The arabinoxylans content was analysed as described in a previous 
study (Wang et al., 2015b) by using a modified phloroglucinol method (Douglas, 
1981). All measurements were done in duplicate.
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Swelling capacity (SC), water retention capacity (WRC) and oil 
binding capacity (OBC)
The swelling capacity is defined as the ratio of the volume occupied by the 
wetted sample after equilibration to the actual sample weight (Raghavendra et 
al., 2004) and was determined according to Robertson et al. (2000). About 200 
mg sample was accurately weighted. With the known dry matter content, the 
dry sample weight (md) was calculated. The sample was then hydrated in 10 mL 
distilled water in a calibrated cylinder at room temperature for 18 h. Then the 
volume occupied by the sample was recorded (Vs). The SC was calculated as:
SC =            (Eq. 9)
The water retention capacity (WRC) is defined as the amount of water that 
remains bound to the hydrated fibre after the application of a specific external 
force, e.g. centrifugation (Raghavendra et al., 2004). According to Robertson 
et al. (2000), About one gram of sample with known dry matter content was 
accurately weighted for the dry sample weight (md). The sample was hydrated in 
30 mL distilled in a centrifuge tube at room temperature. After 18 h, the sample 
was centrifuged at 3000 g for 20 min. Then the supernatant was decanted and 
the residue was weighted (mrw). The WRC was calculated as: 
WRC =          (Eq.10)
The oil binding capacity (OBC) was determined according to Raghavendra 
et al. (2006). About 500 mg of sample with known dry matter content was 
accurately weighted for the dry sample weight (md). The sample was mixed with 
10 mL refined sunflower oil in a centrifuge tube. It was allowed to equilibrate 
overnight at room temperature and then centrifuged at 10000 g for 30 min. 
Then the supernatant was decanted and the residue was weighted (mro). OBC 
was calculated as: 
OBC =          (Eq.11)
Vs
md
mrw
md
mro
md
Dietary fibre enrichment from defatted rice bran by dry fractionation
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Results and discussions
Distribution of arabinoxylans in different layers of rice bran
The distribution of arabinoxylans in rice bran determines the maximum 
achievable purity that can be obtained by dry fractionation, as the method does 
not molecularly disrupt the tissue, but rather fragments it on a larger scale 
and then isolates the fragments. Thus, the concentration of arabinoxylans in 
the rice bran sets the maximum achievable purity. The pericarp, aleurone layer 
and starchy endosperm were hand-isolated (Figure 36) and analysed on their 
arabinoxylans content. 
Figure 36. Scanning electron microscope (SEM) images of A) section of brown rice; B) 
hand-isolated pericarp (P); C) hand-isolated aleurone layer (Al) and D) hand-isolated 
starchy endosperm (En).
A B C D
Though it is difficult to see from the SEM images, it is probable that the testa 
and nucellus are attached to the pericarp and aleurone layer, respectively. These 
two tissues are fused to the surrounding tissues, whereas the bond between the 
testa and nucellus tends to be weak; therefore the tissues may separate at the 
junction between those two (Bechtel and Pomeranz, 1977).
The arabinoxylans content in the pericarp was the highest among the three 
hand-isolated tissues, whereas there was no arabinoxylans detected in the 
starchy endosperm (Table 5). A similar distribution of arabinoxylans was found in 
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wheat bran (Barron et al., 2007; Swennen et al., 2006; Wang et al., 2015b). The 
arabinoxylans-enriched fraction from wheat bran by electrostatic separation was 
found to contain fragments mainly from pericarp (Wang et al., 2015b). Because 
of the similarity in histological structure and arabinoxylans distribution in rice 
bran and wheat bran, a fraction rich in arabinoxylans is also expected from rice 
bran by electrostatic separation. Thus the arabinoxylans content of the pericarp 
(26.7 ± 3.3 % dry matter basis) is considered as the maximum achievable purity 
of the arabinoxylans-enriched fraction.
Table 5. Arabinoxylans content of hand-isolated pericarp, aleurone layer and starchy 
endosperm from brown rice.
Hand-isolated tissue from brown rice
Pericarp
Aleurone layer
Starchy endosperm
26.7 ± 3.3
13.2 ± 1.2
ND
Arabinoxylans content (% dry matter basis)
Mean value ± absolute deviation (n=2)
ND: Not detected
Separation of DRBF by electrostatic separation and sieving
After milling, the defatted rice bran flour (DRBF) was separated by three different 
routes: two-step electrostatic separation, sieving or a combination of electrostatic 
separation and sieving (Figure 34). Obtained fractions were analysed on yield 
and biochemical composition.
Because the analysis of the arabinoxylans content is much less time-consuming 
than the total dietary fibre analysis, we analysed several fractions with different 
compositions on both arabinoxylans and total dietary fibre contents to find the 
relation between the two. As Figure 37 shows, the total dietary fibre content is 
proportional to the arabinoxylans content. With this linear relation, we can find 
the total dietary fibre content by using the measured arabinoxylans content 
(Table 6). Furthermore, the maximum achievable purity of dietary fibre that 
can be enriched by dry fractionation could also be calculated based on the 
arabinoxylans content of pericarp and contributes about 86.2 % dry matter basis. 
Dietary fibre enrichment from defatted rice bran by dry fractionation
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Figure 37. Total dietary fibre content as a function of arabinoxylans content of different 
fractions from DRBF by dry fractionation. The error bars indicate the absolute deviation.
Figure 4. Total dietary fibre content as a function of arabinoxylans content of different fractions from DRBF by dry 
fractionation. The error bars indicate the absolute deviation.
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Table 6. Yield and biochemical composition of fractions obtained by dry fractionation of 
DRBF
Mean value ± absolute deviation (n=2)
*: Value calculated by using the linear relation between the total dietary fibre and arabinoxylans 
content (Figure 37)
Name
Fraction
DRBF
GE
PE
GC
PC
PE-GE
PE-PE
PE-GC
PE-PC
C
F
PEC-C
PEC-F
-
24.9 ± 0.8
44.3 ± 0.7
8.4 ± 1.0
9.6 ± 0.3
4.6 ± 1.1
20.5 ± 0.3
7.5 ± 0.2
9.8 ± 0.6
22.4 ± 0.0
71.4 ± 0.0
20.3 ± 0.0
28.5 ± 0.0
8.9 ± 0.4
5.2 ± 0.1
16.1 ± 0.8
7.9 ± 0.7
8.0 ± 0.8
12.0 ± 0.3
20.8 ± 0.4
9.9 ± 0.1
10.8 ± 0.5
20.3 ± 0.7
7.5 ± 0.1
20.9 ± 0.0
10.0 ± 0.0
31.7 ± 0.3
16.8*
52.1*
25.7*
25.8*
38.8*
67.1*
32.0*
35.0*
67.5 ± 0.4
21.5 ± 0.1
68.2 ± 0.8
27.8 ± 0.1
16.2 ± 0.0
17.1 ± 0.2
14.6 ± 0.3
17.1 ± 0.0
15.6 ± 0.1
15.8 ± 0.0
12.5 ± 0.5
15.0 ± 0.2
13.4 ± 0.2
14.0 ± 0.1
16.4 ± 0.0
13.5 ± 0.0
15.4 ± 0.0
36.7 ± 0.3
53.0 ± 1.8
25.1 ± 1.1
37.5 ± 0.4
36.7 ± 0.2
36.8 ± 1.1
5.3 ± 0.2
33.1 ± 0.0
31.2 ± 0.2
10.1 ± 0.4
45.0 ± 0.7
7.6 ± 1.3
42.9 ± 1.3
8.9 ± 0.1
9.3 ± 0.1
4.9 ± 0.0
9.1 ± 0.1
8.5 ± 0.0
7.7 ± 0.0
3.6 ± 0.1
6.5 ± 0.0
5.3 ± 0.0
3.6 ± 0.0
8.0 ± 0.1
3.6 ± 0.0
7.5 ± 0.0
Yield
(% of DRBF)
Arabinoxylans
(% dry 
matter basis)
Total dietary 
fibre
(% dry 
matter basis)
Protein
(% dry 
matter basis)
Starch
(% dry 
matter basis)
Ash
(% dry 
matter 
basis)
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After one-step electrostatic separation, fibre was enriched into the fraction PE 
while starch was enriched into the fraction GE. This indicates that the fibre-
rich fragments took negative charge and were deflected towards the positively 
charged electrode under the influence of the electric field, whereas the starch 
took positive charge and was deflected into the opposite direction. This result 
is in line with the results of electrostatic separation on other brans (Hemery 
et al., 2011; Sibakov et al., 2014; Wang et al., 2015b). A second electrostatic 
separation on the fraction PE further increased the fibre content from 52.1% 
dry matter basis to 67.1% dry matter basis, which is more than double of the 
fibre content in DRBF (31.7% dry matter basis). Additionally, this fraction (PE-
PE) contains less ash and protein, and especially much less starch compared 
to the other fractions. SEM picture of the fraction (Figure 38-A) confirms that 
it contains mainly fragments from the pericarp. However, there are also some 
empty aleurone cells and pieces of starchy endosperm, which explains why the 
maximum achievable purity of fibre was not yet reached. 
A B C
Figure 38. Scanning electron microscope (SEM) images of A) fraction PE-PE; B) fraction C 
and C) fraction PEC-C. P, Al, and En indicate the pericarp, empty aleurone cell and piece of 
starchy endosperm, respectively. 
Direct sieving of the DRBF enriched fibre in the coarse fraction (C) provided 
similar yields and purities compared to the two-step electrostatic separation (PE-
PE). Similarly, pericarp was the main source of the fragments appearing in this 
fraction (Figure 38-B). Larger pieces of starchy endosperm were also observed 
here. Moreover, the combination of a single electrostatic separation step and 
sieving yielded a fraction (PEC-C) resembling the coarse fraction C, with similar 
yield and biochemical composition. Also this fraction contains empty aleurone 
cells and pieces from starchy endosperm (Figure 38-C). 
Dietary fibre enrichment from defatted rice bran by dry fractionation
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Though the yield and composition of the three enriched fractions are similar, 
they differ in their particle size distribution (Figure 39). The two coarse fractions 
C and PEC-C have identical particle size distribution whereas the faction PE-PE 
contains more small particles (D0.1 = 20.7 μm compared to D0.1 = 63.4 μm). 
This indicates that the milling broke fragments from both the outer layers and 
the starchy endosperm into fine particles. Because electrostatic separation in 
principle separates particles on their charge and not on their size, small particles 
with high fibre content also end up in the enriched fraction. This different particle 
size can influence the functional properties of the fractions, as discussed in the 
next section. 
 
 
Figure 6. Particle size distribution of fibre enriched fractions obtained by different separation processes. PE-PE: 
negatively charged fraction obtained by two-step electrostatic separation; C: coarse fraction obtained from direct sieving 
of DRBF. 
0
1
2
3
4
5
6
7
8
9
10
0.1 1 10 100 1000 10000
V
o
lu
m
e
 f
ra
ct
io
n
 (
%
)
Particle size (µm)
PE-PE
C
V
ol
um
e 
fr
ac
ti
on
 (
%
)
Particle size (μ )
Figure 39. Particle size distribution of fibre enriched fractions obtained by different 
separation processes. PE-PE: negatively charged fraction obtained by two-step electrostatic 
separation; C: coarse fraction obtained from direct sieving of DRBF.
All three processes recovered 42 – 48% of the fibre from DRBF. Removing the 
starch and empty aleurone cells by adding more electrostatic separation steps 
may further increase the fibre content, however at the mean time the yield will 
become lower. This trade-off between the yield and purity needs to be considered. 
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Functional properties of enriched fractions 
The technological and physiological functional properties of dietary fibre in food 
systems are attributed to their physicochemical properties such as swelling 
capacity (SC), water retention capacity (WRC) and oil binding capacity (OBC) 
(Chinma et al., 2015; Elleuch et al., 2011). To demonstrate the possible 
application of the fibre-enriched fraction in food, the fractions were analysed 
on SC, WRC and OBC, and compared with the original flour DRBF and the total 
dietary fibre extracted by the wet enzymatic-gravimetric method (TDF wet-
extracted). The rough chemical composition of TDF wet-extracted was found to 
be similar as found by Abdul-Hamid and Luan (2000): total dietary fibre content 
65.0 ± 0.0 % dry matter basis, protein content 15.1 ± 0.3 % dry matter basis 
and ash content 16.3 ± 0.1 % dry matter basis.
Compared to the original flour DRBF, all three fibre-enriched fractions had a 
higher SC, WRC and OBC (Table 7). This is because the dietary fibre is the main 
contributor to these functional properties (Chinma et al., 2015; Foschia et al., 
2013). The fibre content of the enriched fractions is more than double of that of 
the original flour, therefore a much higher SC, WRC and OBC could be expected. 
Table 7. Swelling capacity (SC), water retention capacity (WRC) and oil binding capacity 
(OBC) of defatted rice bran flour (DRBF), fibre-enriched fractions from DRBF by different 
separation routes, and total dietary fibre extracted by using enzymatic-gravimetric method 
(TDF wet-extracted).
Mean value ± absolute deviation (n=2)
*: Value calculated by using the linear relation between the total dietary fibre and arabinoxylans 
content (Figure 37)
Name
Fraction
SC
(mL/g)
WRC
(g/g)
OBC
(g/g)( / )
TDF content (% 
dry mater basis)
4.4 ± 0.4
7.8 ± 0.1
9.3 ± 0.0
9.3 ± 0.0
9.2 ± 0.3
1.9 ± 0.0
4.7 ± 0.1
4.5 ± 0.0
4.7 ± 0.2
4.1 ± 0.0
3.1 ± 0.0
6.7 ± 0.2
5.4 ± 0.2
5.1 ± 0.0
5.5 ± 0.3
31.7 ± 0.3
67.1*
67.5 ± 0.4
68.2 ± 0.8
65.0 ± 0.0
DRBF
PE-PE
C
PEC-C
TDF wet-extracted
Dietary fibre enrichment from defatted rice bran by dry fractionation
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The functional properties of the two coarse fractions (C and PEC-C) are similar, 
whereas the SC of the fraction PE-PE is lower while its OBC is higher than the 
others. Since the composition of these three fractions are quite similar, the 
difference in particle size distribution would be the main reason for the different 
functional properties (Sangnark and Noomhorm, 2003). 
More polydispersity results in a higher bulk density, therefore a smaller packing 
volume and less SC as a result (Raghavendra et al., 2004). The differences in 
WRC and OBC could be due to the increased surface area and the damaged 
fibre matrix. Reducing the particle size would on the one hand increase the 
surface area and allow more surface interaction with water or oil. However, on 
the other hand, the fibre matrix can be damaged during size reduction, which 
reduces the water or oil entrapment by the physical structure (Raghavendra et 
al., 2004; Wang et al., 2013). Contradictory results were found when comparing 
different studies (Cadden, 1987; Sangnark and Noomhorm, 2003; Wang et al., 
2013), which indicates that the balance between having more surface area and 
maintaining sufficient physical structure of the fibre is important for having good 
WRC and OBC. 
All three enriched fractions have similar or even better WRC and OBC compared 
to the total dietary fibre extracted by the wet process, which means that these 
fractions can provide similar technological properties to the food system and 
physiological effect on human health. The high WRC indicates the potential of 
using the enriched fractions as a functional ingredient to prevent syneresis, modify 
viscosity and texture, and reduce calories of formulated food products (Chau et 
al., 2007). Furthermore the enriched fractions can have a positive effect on gut 
health, increase stool weight and potentially slow down the digestion process 
and the rate of nutrient absorption (Takahashi et al., 2009). The good OBC of the 
fractions indicates the potential for application of the fractions in high-fat food.
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Conclusions
The maximum achievable fibre content that can be achieved by dry fractionation 
was determined as 86.2 % on a dry matter basis, by analysing the arabinoxylans 
content of hand-isolated tissues and using the linear relation between the fibre 
content and arabinoxylans content.
Enrichment of dietary fibre from defatted rice bran was achieved by combing 
milling and different dry separation processes. All three tested separation routes 
produced fibre-enriched fractions with similar yield (20 – 21 % of the milled 
flour) and fibre content (67 – 68 % dry matter basis), which recovered 42 – 48 
% of the fibre from the original flour. The enriched fractions mainly contained 
fragments from the pericarp. Removing the trace of starchy endosperm and 
empty aleurone cells may further increase the fibre content, but the trade-off 
between the purity and yield needs to be considered.
The enriched fraction obtained by two-step electrostatic separation contained 
more small particles compared to the enriched fractions obtained by the 
other two separation routes involving sieving. This is a consequence of using 
different driving forces in the two separation methods. The different particle size 
distributions of the enriched fractions resulted in different functional properties. 
The fraction obtained by two-step electrostatic separation featured a lower 
swelling capacity and a higher oil binding capacity than the other two. The 
balance between having more surface area and maintaining sufficient physical 
structure of the fibre is important for good functional properties.
The enriched fractions had similar hydration properties and oil binding capacity 
when compared to the total dietary fibre extracted by the enzymatic-gravimetric 
method. This suggests that the fibre-enriched fractions by dry fractionation can 
be applied in foods and provide similar technological properties and physiological 
effects as the wet-extracted dietary fibre does.
Dietary fibre enrichment from defatted rice bran by dry fractionation
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Abstract
Rice bran is a plentiful, nutritious and under-valued co-product from rice finishing. 
Defatted rice bran is an excellent source of dietary fibre. The mostly used lab-
scale method to extract dietary fibre is not very efficient; dry fractionation is 
a more energy efficient alternative at larger scales. Three separation routes 
were studied: two-step electrostatic separation, sieving and a combination of 
electrostatic separation and sieving. All yielded fibre-enriched fractions with 
similar yield (20 – 21 % of the rice bran flour) and purity (67 – 68 % dry matter 
basis), which recovered 42 – 48% of the fibre from the original rice bran flour. 
The enriched fractions obtained by a two-step electrostatic separation process 
contained more small particles compared to the other two, which resulted in 
different hydration properties and oil binding capacity. Compared to the total 
dietary fibre extracted by the enzymatic-gravimetric method, the enriched 
fractions by dry fractionation have a similar water retention capacity and oil bind 
capacity. This suggests that the fibre-enriched fractions by dry fractionation can 
be applied in foods and provide similar technological properties and physiological 
effects as the wet-extracted dietary fibre does.
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Introduction
Modern water-based processes for food ingredient production aim at high purity 
and consume copious amounts of water, chemicals and energy. Furthermore, 
harsh conditions such as high temperatures and pH shifts can lead to a loss of 
the native functional properties of components. The increased awareness on 
sustainability in food production chain is a major driver for research on dry 
fractionation, as it uses hardly any water, consumes less energy and retains the 
native functionality of the ingredients. Conventional dry fractionation combines 
milling with air classification or sieving, which separate particles based on their 
different particles sizes and/or densities. In this thesis, a recent dry separation 
process called electrostatic separation was explored, which relies on electrostatic 
forces for separation. Although the potential of electrostatic separation to 
fractionate agro-materials has been demonstrated, the effectiveness in terms 
of purity and yield and the influence of process parameters on charging and 
separation of food ingredients were not yet systematically studied. Therefore, 
the objective of this thesis was to gain better understanding of the charging 
and separation behaviour of model and agro-materials, provide insight in the 
critical factors for successful electrostatic separation and explore the potential 
of this separation method to different agro-materials. This chapter summarizes 
the main findings and proposes two general schemes for protein enrichment and 
fibre enrichment. Subsequently the challenges to achieve successful electrostatic 
separation and up-scaling are discussed. Finally, the chapter ends with an outlook 
for future research.
General discussion
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Discussion of main findings
Electrostatic separation consists of two steps: triboelectric charging of the particles 
and subsequent separation of the particles in an electric field. The driving force 
is the electrostatic force, which is the product of the charge on the particles and 
the electric field strength. The charging step is critical to the effectiveness of the 
separation and is influenced by many factors such as the chemical, physical and 
electrical properties of particle and contact surface, number of impacts, velocity 
and angle of the impact and environmental conditions such as temperature and 
relative humidity. Consequently, we characterized the charging behaviour of 
single-component particles in nitrogen gas flowing through aluminium tubes with 
a lab-scale electrostatic separator in chapter 2, where polystyrene particles and 
wheat gluten were used as model particles. Higher gas velocities led to a larger 
specific charge by increasing the normal component of impact velocity. Smaller 
particles gained more specific charge than larger ones because of their higher 
surface-to-volume ratio and their sensitivity towards gas flow pattern changes. 
Longer charging tube allowed more contacts between the particles and the wall 
and therefore resulted in higher specific charge. The relative humidity of the 
nitrogen gas flow within the range 0 – 60% had no influence on the charging of 
both model particles.
Even though the charging behaviour of single-component particles can provide 
insight on critical parameters for electrostatic separation, the charging and 
separation of a real mixture is complex because particle-particle interactions cone 
into play. Therefore, in chapter 4 we elucidated the role of these interactions 
by investigating the charging and separation of model gluten-starch mixtures 
with a custom-built bench-scale electrostatic separator. As hypothesized, the 
net charge of gluten-starch mixtures was not simply a sum of the charge of 
the two individual components, indicating that particle-particle interactions play 
an important role. We also hypothesized that the formation of agglomerates 
between oppositely charged particles influenced the separation negatively, 
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which was corroborated by the fact that the dispersibility for mixtures of the two 
components was lower compared to that of individual components. We found 
that it is important to find the optimal condition that provides sufficient charge 
to charges, but avoids agglomeration between oppositely charged particles. This 
could be achieved by a combination of lower dosing rate and higher gas flow 
rate.
Based on the findings with model systems (chapter 2 and chapter 4), we 
explored the possibility of applying electrostatic separation to different agro-
materials for food ingredient production in chapter 3, chapter 5, and chapter 
6, respectively. Chapter 3 demonstrated the potential of using electrostatic 
separation to enrich arabinoxylans from wheat bran with the lab-scale electrostatic 
separator. A combination of larger particle size, higher gas velocity and shorter 
charging tube was preferred for separation, because it sufficiently charged the 
particles while agglomeration was minimized. Electrostatic separation while 
using the optimum setting achieved a similar enrichment in arabinoxylans (from 
23% to 30% dry matter basis) as sieving does. However, the combination of 
electrostatic separation and sieving further improved the enrichment and resulted 
in a fraction with an arabinoxylans content of 43% dry matter basis, which is 
around the maximum achievable purity can be reached by dry fractionation. 
Because rice bran has similar structure to wheat bran, we expected a similar 
separation and explored this in chapter 6, where a custom-built bench-scale 
electrostatic separator was used. Enrichment of the dietary fibre from defatted 
rice bran was achieved by combing milling and different dry separation processes. 
All three tested separation routes produced fibre-enriched fractions with similar 
yield (20 – 21 % of the milled flour) and fibre content (67 – 68 % dry matter 
basis), which recovered 42 – 48 % of the fibre from the original flour. The enriched 
fractions obtained by a two-step electrostatic separation process contained more 
small particles compared to the other two, which resulted in different swelling 
and oil binding capacity. Compared to the total dietary fibre extracted by the 
enzymatic-gravimetric method, the enriched fractions by dry fractionation had a 
similar water retention capacity and oil binding capacity. This suggests that the 
fibre-enriched fractions by dry fractionation can be applied in foods and provide 
similar technological properties and physiological effects as the wet-extracted 
dietary fibre does.
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Differently from cereal brans, legumes are interesting because of their high protein 
content. In chapter 5 we reported on dry fractionation by combining milling 
and electrostatic separation providing an alternative to wet extraction of protein 
from lupine seeds. Proper milling of the lupine flour was found to be essential 
for successful protein enrichment by electrostatic separation. Relatively coarse 
milling was preferred because it sufficiently disclosed protein bodies from the 
matrix, while avoiding poor dispersibility of the powder due to too small particle 
sizes. With the optimal settings of single-step electrostatic separation, a fraction 
with 57.3 g/100 g dry solids could be obtained. The protein content was further 
improved after two more separation steps. A fraction with 65.0% dry matter 
basis was obtained, which is 15% higher than obtained by air classification. 
The yield of the protein enriched fraction was further increased by recycling the 
fractions from the filter bags, but this was accompanied by a decrease in protein 
content and vice versa. A significant shift towards better yield and purities was 
achieved by re-milling the flour that was not collected on the electrodes. A final 
fraction with a protein content of 65.1% dry matter basis and a yield of 6% was 
obtained, which recovered 10% of the protein in the original flour.
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Two schemes for protein enrichment 
from legumes and fibre enrichment 
from brans
Based on the findings we propose two dry fractionation schemes for protein 
enrichment from legumes and fibre enrichment from brans (Figure 40). For 
legumes, impact milling is effective to break the cellular structure and release 
individual protein bodies. Multiple-step electrostatic separation is suggested, 
with the option of re-milling and recycling of the middle fraction from each step 
to improve the yield (chapter 5). For starch-rich legumes such as pea, an air 
classification step is needed to remove the starch before electrostatic separation, 
because starch and protein tend to be charged with the same polarity and 
end up in the same fraction (Pelgrom et al., 2015a). For brans, pin milling is 
used because it can separate the different layers. Fibres can be enriched by 
sieving, multiple-step electrostatic separation, or a combination of electrostatic 
separation and sieving. The similar effectiveness of sieving and electrostatic 
separation is because the pericarp (rich in fibre) is more elastic and more difficult 
to break down into smaller particles compared to the aleurone layer and the 
starchy endosperm. As a result, most of the pericarp fragments are larger in 
size after pin milling and are enriched in the coarse fraction by sieving. However, 
the fibre-enriched fractions obtained by electrostatic separation also contain 
small particles, which can provide different functional properties (chapter 6). 
Therefore, according to the type of application that is targeted, one can decide 
which separation route is most suitable for enriching fibre from brans.
General discussion
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Key factors to a successful electrostatic 
separation for food ingredient 
production from agro-material
Based on the findings, we concluded that there are three key factors that need 
to be fulfilled to obtain successful electrostatic separation for an agro-material: 
1) Sufficient dissociation of structures during milling to enable separation; 
2) Different charging behaviour of the target component versus that of the 
other components; 
3) Optimal balance between sufficient charging and absence of agglomeration 
due to poor dispersibility or too high opposite charges. 
Sufficient dissociation of different components
Electrostatic separation separates particles that have different compositions, 
based on their different charges. Therefore, a sufficient dissociation of different 
substructures from the complex raw material is a prerequisite for a successful 
electrostatic separation. For example, the different layers of cereal bran needs 
to be separated from each other for achieving fibre enrichment (chapter 3 and 
chapter 6), protein bodies need to be detached from other cellular compounds 
of lupine seeds to allow enrichment of protein (chapter 5).
To achieve sufficient dissociation of different substructures, the milling should 
match the structural and mechanical properties of the material. For bran 
particles, separation between different layers is more important than reduction 
of the particle sizes. Therefore, pin milling, which is considered relatively coarse 
milling compared to jet milling and impact milling, was found most suitable for 
milling bran particles. It separates the pericarp and aleurone layers due to their 
different elastoplasticities and rupture energies (Chen et al., 2013). In contrast, 
for legume seeds a finer milling is needed to break the particles down to the size 
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equivalent to the size of protein bodies, e.g. 5 – 25 μm for lupine, to allow the 
detachment of protein bodies from other cellular components. Impact milling was 
here found the most effective method. However, the milling should not be too 
fine because this will lead to poor dispersibility of the fine powder, which hinders 
subsequent separation. Besides choosing the right milling method, some pre-
treatment, e.g. defatting and adjusting the moisture content and temperature of 
the material, may also help the dissociation of the components (Pelgrom et al., 
2015a). 
Concluding, to achieve sufficient dissociation of different components, a thorough 
understanding of the morphology, composition and grinding behaviour of the 
agro-material is needed, which should be the basis of the selection of the milling 
methods. Pre-treatment may be carried out to facilitate this process. 
Different charge of the targeted component versus that of the 
others
Electrostatic separation can only be achieved if the charges taken by the 
targeted components are different (ideally in polarity, but at least in the amount 
of charge) from the others. Using bran as an example, by contacting with 
aluminium, the pericarp fragments (rich in fibre) became negatively charged 
while the aleurone layers (rich in protein) and starchy endosperm became 
positively charged (chapter 3 and chapter 6). This allowed the separation of 
fibre from the other components. However, enrichment of protein from the bran 
with the same method would not be successful. Similarly, applying electrostatic 
separation directly to full pea flour could not enrich protein, because both starch 
and protein took positive charge by contacting with aluminium and ended up in 
the same fraction (Pelgrom et al., 2015a). Enrichment of protein from lupine was 
successful because lupine seed contains no starch and the two main components, 
protein and fibre, were charged oppositely (chapter 5).
Most agro-materials contain mainly starch, protein and fibre. According to our 
findings, the protein and starch in native state often charge with the same polarity 
by contacting with aluminium, whereas fibre charges oppositely. To separate 
protein from starch, a different charging material that can charge protein and 
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starch oppositely is needed. Based on the tendency in charge polarity, a simple 
triboelectric series of starch, protein, fibre and aluminium can be made (Table 
8). The order of starch and protein is not clear because the absolute amount 
of charge obtained by each component could not be measured. The charging 
material should be chosen from the materials above aluminium in the list, e.g. 
glass or nylon (Adams, 1987).
Table 8. Triboelectric series
Positive
This thesis Adams (1987)
Starch (Protein)
Protein (Starch)
Aluminium
Fibre
Hand
Asbestos
Rabbit fur
Glass
Mica
Hair
Nylon
Wool
Pb
Silk
Aluminium
Paper
Cotton
Steel
Wood
Hard rubber
Cu
Ag
Sulphur
Polyester
Styrene
Polyethylene
Polypropylene
PVC
Silicon
TeflonNegative
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As alternative to using a different charging material, one can also change the 
collecting method to allow separate collection of particles charged with the same 
polarity but having different absolute charge. In this thesis we aimed to collect 
two fractions: a positively charged fraction and a negatively charged fraction. 
However, it is logical to think that particles with higher charge will be deflected 
more and deposited earlier onto the electrode. Therefore, the electrode may be 
divided into several parts along the gas-powder flow direction. Samples collected 
from the different parts of the electrode may have different compositions. 
Alternatively, instead of two collectors under the electrodes, more collectors can 
be placed. The fraction from the collector on the side is expected to contain 
higher charged particles, while the collector closer to the middle contains less 
charged particles (Higashiyama and Asano, 1998).
Balance between sufficient charging and avoiding agglomeration
Generally, a high dispersibility of the powder and absence of agglomeration 
is important for all types of dry fractionation. This is particularly crucial for 
electrostatic separation, because the separation needs particles to take sufficient 
charge, which in turn increases the risk of agglomeration by oppositely charged 
particles. Therefore, a balance between sufficient charging and avoiding 
agglomeration is key for successful electrostatic separation. 
Smaller particles, a longer charging tube, a higher gas velocity and a lower dosing 
rate were found to be favourable to obtain increased particle charging (chapter 2 
and chapter 4). Nevertheless, the effects of these parameters on agglomeration 
are not the same. Smaller particles are more prone to agglomerate because of the 
stronger attractive forces (Lam and Newton, 1992), while the pneumatic force 
acting on the particles due to the flow, and which may disrupt the agglomerates, 
is less. A longer charging tube may also lead to more agglomeration by increasing 
the residence time of particles in the tube and therefore the chance for oppositely 
charged particles to meet each other.  In contrast, the higher gas velocity and 
lower dosing rate were both found to decrease the chance for agglomeration, 
by decreasing the residence time of particles and the particle concentration. 
However, a lower dosing compared to the gas flow will impact the productivity 
of the process; for large-scale application, one would need the throughput of 
particles to be as high as possible.
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Therefore, optimal milling is again important, which yields sufficient dissociation 
of different components, but still provides a powder that can be well dispersed in 
the gas. Second, the length of the charging tube/channel needs to be optimized. 
For a given particle size and charging tube length, agglomeration can be 
minimized by using a lower dosing rate and higher gas velocity. However, it is 
important to realize that a lower dosing rate and higher gas flow rate will result 
in lower throughput and thus higher costs.
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A conceptual design for scaling-up
Compared to the lab-scale electrostatic separator used in chapter 2 and 
chapter 3, the custom-built bench-scale separator presented in chapter 4 – 6 
had increased feed capacity (~500 g compared to 5 g) with lower losses (~10% 
compared to ~35%). However, the bench-scale separator is still batch-wise and 
materials from the electrodes need to be manually collected once in a while 
during a trial. Therefore the electrostatic separation process needs to be further 
optimized for scaling-up to industrial production. 
Rotating belt electrode for automated sample collection
During our study on protein enrichment from lupine flour, we found that the 
fraction on the electrode is the most enriched, and not the fractions collected 
from the collector bags. Therefore instead of collecting fractions from the 
collector, we collected the fraction from the electrodes. However, to collect the 
sample the trial needs to be interrupted several times. The interval between 
manual handling should not be too long, because else the powder deposited on 
the electrode may decrease the electric field strength by a shielding effect and 
result in poor separation (chapter 5). Therefore, automated sample collection 
with rotating drum electrodes or rotating belt electrodes is suggested (Chinma 
et al., 2015). To preserve a specific distance between the electrodes, which is 
important for a homogeneous electric field, and to limit the space needed for 
the system, several drums have to be used in series (Figure 41-B), or rotating 
belts can be used (Figure 41-A), because it occupies less space and allows better 
adjustment of the angle and distance between the two electrodes. The metal 
electrode then remains as it is and is connected with the high voltage power 
supply. A conveyor belt made of a thin layer of PTFE (Teflon) then moves over 
the electrodes, covering the inner side (the side facing the other electrode) of 
the metal plate. The belt is rotated with two rollers. At the lower part of the belt 
a brush or knife scrapes off the particles deposited on the belt. The particles fall 
into a collector bin right below the electrode. 
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A B
Ground
HV power supply
Figure 41. A) Rotating belt electrode – adaptation on the bench-scale electrostatic 
separator and B) a set of drum electrodes
For scaling-up without the constraints of the current set up one could also opt 
for a set of drum electrodes (Figure 41-B), which is probably easier to construct. 
One recent study also proposed a combination of a drum electrode and a belt 
electrode (Remadnia et al., 2014). However, this set-up does not have gas-
assisted flow, which is important for dispersing fine powders. Furthermore, 
the charging applied in this set up relies on induction charging rather than on 
triboelectric charging. 
Extend or adapt the design of the transition part to optimise 
powder dispersion
 
Dispersion of the powder particles was found critical to separate very fine 
powders in the current set-up, as this resulted sometimes in blockage above 
the charging slit. This might be improved by extension of the transition part 
above the charging slit in order to enhance dispersion of particles in the gas. 
Alternatively, the design may be adapted, for example by introducing a swirl to 
enhance the mixing of gas and particles. 
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More generally, to better disperse the particles, a completely different design of 
the charging device might be considered. For example, the use of a fluidized bed 
(Abdul-Hamid and Luan, 2000) may enhance dispersion of small particles in the 
gas.
Safety evaluation 
The risk of dust explosions is always of great concern in food industry, because 
dry powders such as sugar, starches and flours may explode at critically high 
enough concentrations (Childs, 2004). Actually electrostatic charging during 
powder handling is known as a potential hazard that can lead to dust explosion 
(Shibuya and Iwasaki, 1985). Therefore, it is important to evaluate the explosion 
hazards for electrostatic separation to provide useful information about risks and 
possible measures to prevent explosion.
A dust explosion may occur when three main factors are satisfied simultaneously 
(Childs, 2004): 1) The combustible dust must be dispersed in air while contained 
within a volume; 2) The concentration of dispersed dust must be above the 
minimum explosive concentration; 3) An ignition source with sufficient density 
and total energy to initiate the combustion wave must be present.  
During electrostatic separation, particles need to be dispersed in the carrier 
gas. The particle concentration in the bench-scale system is normally about 
1000 g/m3, which is much higher than the minimum explosive concentration for 
food powders (45 – 85 g/m3). Furthermore, discharge between the high-voltage 
electrode and charged particles can occur, which results in sparks. Therefore, 
there is a potential risk of dust explosion during electrostatic separation.
To prevent explosion, eliminating one the three factors mentioned above would 
be sufficient. In our case, dispersion of particles in carrier gas is needed, as well 
as the high voltage on the electrodes. Besides, the particle concentration should 
not be too low because a reasonable throughput of the process is required. As a 
result, the left option is to reduce the availability of oxygen. To achieve this, we 
applied nitrogen gas instead of normal air for dispersing the powders and fully 
fill the set-up with nitrogen before running an experiment. For scaling-up, the 
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costs for using large amounts of nitrogen gas need to be considered, which can 
be reduced by recycling and reusing the gas.
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Conclusion and outlook for future 
research
To conclude, the work reported in this thesis has given us insight in the key 
factors for successful electrostatic separation by providing better understanding 
of the charging and separation behaviour of model and agro-materials. The work 
demonstrated the potential of applying this separation method for functional 
ingredient production from different agro-materials and also gave directions for 
further improvement and scaling-up. 
Future research should be directed towards understanding fracture behaviour 
and optimal milling behaviour of the material to be separated. Better insight on 
optimal dispersion of fine powders in gas could support improving the design of 
the current electrostatic separator as this is a bottleneck in the current set up. 
Next, a triboelectric series for agro-materials could be constructed for better 
selection of charging materials that enable electrostatic separation of more 
components. Finally, studying functional and nutritional properties of enriched 
fractions could enhance further development and application of this sustainable 
technology in manufacturing of food ingredients.
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Summary
Dry fractionation is a promising alternative to wet extraction processes for 
production of food ingredients, since it uses hardly any water, consumes less 
energy and retains the native functionality of the ingredients. It combines 
milling and dry separation to enrich agro-materials in specific components such 
as protein. Electrostatic separation recently emerged as a novel dry separation 
process and it relies on electrostatic forces for separation. Though the potential of 
electrostatic separation to fractionate agro-materials has been demonstrated, the 
effectiveness in terms of purity and yield and the influence of process parameters 
on charging and separation of food ingredients have not yet been systematically 
studied. Therefore, the objective of this thesis was to gain better understanding 
of the charging and separation behaviour of model and agro-materials, provide 
insight in the critical factors for successful electrostatic separation and explore 
the potential of this separation method to different agro-materials.
The charging step is critical to the effectiveness of electrostatic separation 
and is influenced by many factors. Chapter 2 presents characterization of the 
charging behaviour of single-component model particles in nitrogen gas flowing 
through aluminium tubes, using a lab-scale electrostatic separator. Polystyrene 
particles and wheat gluten were used as model particles. Higher gas velocities 
led to a higher specific charge by increasing the normal component of impact 
velocity. Smaller particles gained more specific charge than larger ones because 
of their higher surface to volume ratio and their sensitivity towards gas flow 
pattern changes. Longer charging tube lengths allowed more contact between 
the particles and the wall and therefore resulted in higher specific charge. The 
relative humidity of the nitrogen gas flow within the range 0 – 60% had no 
influence on the charging behaviour of both model particles.
Chapter 3 demonstrates the potential of applying electrostatic separation to 
enrich arabinoxylans from wheat bran with the same lab-scale electrostatic 
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separator. A combination of larger particle size, higher gas velocity and shorter 
charging tube was preferred for separation, because it sufficiently charged the 
particles while agglomeration was minimized. Electrostatic separation with the 
optimum setting achieved a similar enrichment in arabinoxylans (from 23% to 
30% dry matter basis) as sieving does. However, the combination of electrostatic 
separation and sieving further improved the enrichment and resulted in a fraction 
with an arabinoxylans content of 43% dry matter basis, which is around the 
maximum achievable purity that can be reached by dry fractionation. 
To allow better defined charging and separation experiments, a bench-scale 
electrostatic separator was designed and constructed. With this custom-built 
separator, the charging and separation of model mixtures prepared from 
wheat gluten and starch were studied in chapter 4. The net charge of gluten-
starch mixtures was not simply the sum of the charge of the two individual 
components, indicating that particle-particle interactions play an important role. 
We hypothesized that the formation of agglomerates between oppositely charged 
particles negatively influenced separation, which was supported by the fact that 
the dispersibility for mixtures of the two components was lower compared to 
that of individual components. We found that during electrostatic separation of 
mixtures, it is important to find the optimal condition that provides sufficient 
charge to charges, but avoids agglomeration between oppositely charged 
particles. This could be achieved by the combination of lower dosing rate and 
higher gas flow rate.
Chapter 5 reports on dry fractionation by combining milling and electrostatic 
separation with the custom-built bench-scale separator, providing an alternative 
to wet extraction of protein from lupine seeds. Relatively coarse milling was 
preferred because it disclosed sufficient protein bodies from the matrix, while 
avoiding poor dispersibility of the powder due to its very fine particle size. With 
the optimal settings of single-step electrostatic separation, a fraction with 57.3 
g/100 g dry solids could be obtained. The protein content was further improved 
to 65.0% dry matter basis after two more separation steps, which is 15% higher 
than obtained by air classification. The yield of the protein enriched fraction was 
further increased by recycling the fractions from the filter bags, but this was 
accompanied by a decrease in protein content and vice versa. A significant shift 
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towards better yield and purities was achieved by re-milling the flour that was 
not collected on the electrodes. A final fraction with a protein content of 65.1% 
dry matter basis and a yield of 6% was obtained, which recovered 10% of the 
protein in the original flour.
Chapter 6 explores the possibility of enriching dietary fibre from defatted rice 
bran by dry fractionation, where the custom-built bench-scale electrostatic 
separator was used. All three tested separation routes produced fibre-enriched 
fractions with similar yield (20 – 21 % of the milled flour) and fibre content 
(67 – 68 % dry matter basis), which recovered 42 – 48 % of the fibre from 
the original flour. The enriched fractions obtained by a two-step electrostatic 
separation process contained more small particles compared to the other two, 
which resulted in different functional properties. Compared to the total dietary 
fibre extracted by the enzymatic-gravimetric method, the enriched fractions by 
dry fractionation had a similar water retention capacity and oil binding capacity. 
This suggests that the fibre-enriched fractions by dry fractionation can be applied 
in foods and provide similar technological properties and physiological effects as 
the wet-extracted dietary fibre does.
Chapter 7 concludes the thesis with a general discussion on the main findings, 
based on which two schemes for protein enrichment and fibre enrichment were 
proposed. Subsequently the challenges to achieve a successful electrostatic 
separation for agro-material and up-scaling are discussed. Finally, the chapter 
ends with an outlook on future research.
This thesis provided insight in the key factors for successful electrostatic 
separation. It demonstrated the potential of applying this separation method 
for functional ingredient production from different agro-materials and also gave 
directions for further improvement and scaling-up.
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